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lS.Abstract 

These  proceedings  consist  of  23  unclassified  contributions  to  the  Flight  Mechanics 
Panel  Specialists’  Meeting  on  STALL/SPJN  PROBLEMS  OF  MILITARY  AIRCRAFT 
which  was  held  in  November  1975.  There  were  5 technical  sessions  in  which  the 
state-of-the-art  in  the  high  angle  of  attack  regime  was  reviewed  under  the  titles: 
the  Stall/Spin  Problem;  Analysis  and  Design  Techniques;  Test  Techniques;  and  Full 
Scale  Right  Experience.  There  was  a concluding  discussion  which  examined  the 
contemporary  problem  areas  in  this  important  aspect  of  aircraft  design  and  operation. 
The  findings  and  recommendations  are  summarized  in  the  Preface  to  the  proceedings. 
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PREFACE 


The  objectives  of  this  Flight  Mechanics  Panel  Specialists'  Meeting  on  Stall/Spin  Problems  of  Military  Aircraft, 
held  a*  the  Von  Karmen  institute,  Rhode  St.  Gendse,  Belgium  in  November  1975,  were: 

to  review  the  state  of  the  art  in  stall/spin  aspects  of  aircraft  design,  ground  and  flight  tests,  and  aircraft 
operation. 

to  discuss  the  limitations  and  deficiencies  cf  current  design  anu  test  methods, 
to  propose  follow-on  actions  for  technological  improvements. 

to  bring  together,  as  is  rarely  possible,  operational  pilots,  test  pilots,  flight-test  engineers,  and  specialists 
involved  in  design  and  windtunncl  testing. 

With  the  increased  emphasis  on  ad-superiority,  air  defence  and  tact'eal  fighters,  and  on  advancer)  trainers,  the 
classic  stall/spin  demonstration  and  recovery  procedure  has  broadened  to  a comprehensive  survey  of  all  aircraft 
behaviour  in  flight  at  high  angles  of  attack.  The  range  of  interest  now  extends  from  the  angle  of  attack  where  a 
degradation  of  flying  qualities  appears  (such  as  pitcl.-up,  nose  slice  yaw-off,  wing-rcck  etc.)  to  the  fully  developed 
spin.  There  are  an  increasing  number  of  aircraft  designs  capable  of  sustained,  controlled  flight  at  ultra-high  angles 
of  attack. 


Thus,  the  papers  presented  at  the  meeting  discussed  the  following  important  aspects  related  to  the  h;gh  angle 
of  attack  problem  area: 

Stall/spin  characteristics  cl  military  aircraft  in  service  in  various  NATO  countries  (France,  FRG,  Holland, 
UK,  US). 

Operational  requirements  concerning  stall/spin  behaviour  and,  more  generally,  desirable  high  angle  of 
attack  characteristics  of  fighters  and  trainers. 

The  importance  of  stall  and  departure  resistance  in  combat  aircraft.  It  was  pointed  out  that  flight 
demonstrations  of  spins  and  recovery  are  needed  but  alone  are  insufficient  as  showing  compliance  with 
criteria,  as,  in  many  cases,  excessive  altitude  is  lost  during  recovery.  In  this  respect,  updating  the 
Milspecs  to  give  more  detailed  and  quantitative  requirements  would  be  useful. 

The  options  open  to  the  design  team  to  trade  performance,  manoeuvcrability,  and  good  stall/spin 
characteristics. 


Analytical  and  experimental  design  methods  and  criteria  for  departure  and  spin  ’assistance.  Interesting 
application',  of  Cnfldynamic  ami  LCDP  (Lateral  Control  Divergence  Paiameter)  concepts  were  shown  in 
various  pape.s.  The  influence  of  aircraft  configuration  (wing  planfoim  and  position,  forebody  and  after- 
body shapes,  nose  strakes  etc  ...)  was  described,  as  was  tiie  correlation  of  the  effect  of  pitching  moment 
due  to  sideslip  or.  the  departure  characteristics  with  flight  tests. 


Analytical  spin  prediction  methods,  their  validity  and  limitations  (Nonlinearitics,  asymmetric  yawing 
moments  at  zero  sideslip,  unrepresentative  aerodynamic  coefficients,  etc  ...). 


Rotary  balance  techniques  for  the  measurement  of  static  and  dynamic  aerodynamic  coefficients  for 
refined  analytical  spin  studies,  (Rotary  balance  measurements  are  necessary  to  represent  the  proper  flow 


- Free  flight  horizontal  and  vertical  tunnel  model  testing  techniques,  respectively  for  stall/departure  and 
steady  spin. 

Large  scale  r'motely  piloted  or  preprogrammed  models  dropped  from  helicopters  or  aircraft.  Use  of 
sophisticated  .nstrumentation  and  telemetry  coupled  with  modern  parameter  identification  techniques 
giving  a good  aerodynamic  description  of  the  high  angie  of  attack  characteristics. 


- Use  of  catapults  for  remotely  controlled  models  for  high  angle  of  attack  studies. 

Full  scale  stall-spin  flight  test  techniques  and  results  (In  addition  to  a detailed  description  of  specialized 
instrumentation  and  results,  a computer  graphics  display  was  presented,  giving  a rapid  visualization  of  the 
aircraft  motion). 


- Stall/spin  characteristics  of  some  of  the  new  generation  fighters  and  trainers. 
Automatic  stall/dcparture  and  spin  prevention  systems. 

Groundbased  simulators  and  pilot-vehicle  analysis  application  to  stall/spin. 


Training  of  student  pilots  in  spinning  and  recovery  techniques. 


ill 


These  subjects  were  comprehensibly  covered,  and,  in  addition,  many  papers  were  illustrated  by  films  showing 
full-scale  or  inodei  tests.  An  important  part  of  the  meeting  was  the  one-day  visit  to  the  Tnstitut  de  Mlcaniquc 
des  Flunks  de  Lille”,  specialized  in  dynamic  testing.  In  the  4 m diameter  vertical  tunnel  of  the  Institute,  the  spin 
characteristics  of  a nuirber  of  aircraft  were  demonstrated  to  the  v.sitors. 

The  main  conclusions  resulting  from  the  presentation  of  28  papers  and  the  subseqjent  discussions  are: 

The  basic  tool  for  spin  studies  is  still  the  vertical  tunnel;  however,  the  genenl  high  angle  of  attack 
problem  requires  the  use  of  many  other  techniques.  Moreover,  on  some  configurations,  due  to  significant 
scale  effect,  the  interpretation  of  the  results  obtained  car  be  difficult.  In  this  respect  the  experience 
gained  by  the  European  and  US  specialists  is  riot  entirely  similar.  The  differences  can  certainly  be 
reduced  by  some  cooperative  effort. 

Many  aircraft  of  the  sixties  presented  high  angle  of  attack  deficiencies  whi:h  led  }o  a significant  number 
of  accidents;  now,  a better  understanding  of  the  complex  interference  phenomena  and  of  the  departure/ 
spin  mechanism,  more  comprehensive  model  testing,  and  the  use  of  better  design  methods  result  in 
substantial  improvements  for  the  new  generation  fighters,  enhancing  their  manoeuvring  capability. 

High  angle  of  attack  behaviour  can  also  be  improved  by  control  systems  designed  for  the  automatic 
prevention  of  stall/departure  and  spin.  In  this  respect  the  C(.  V concept  offers  some  promising 
opportunities. 

From  the  operational  viewpoint  it  was  indicated  that: 

(a)  comprehensive  flight  tests  must  be  carried  out  to  explore  the  high  angle  of  attack  behaviour  in  the 
whole  flight  envelope,  including  representative  external  store  configurations.  This  is  the  condition 
to  allow  the  full  operational  use  of  the  performance  potential  of  the  aircraft.  (One  of  the  papers 
presented  describes  sonic  problems  encountered  in  this  area  in  the  latest  development  stage  of  a 
fighter). 

(b)  the  availability  of  aircraft  for  spin  training  is  highly  desirai  le. 

Written  comments  were  solicited  from  the  participants,  and  the  meeting  ended  with  a round  table  discussion 
with  the  theme:  Design  Methods  for  Spin  Prevention  and  Spin  Control 

It  was  observed  that  the  meeting  had  been  an  excellent  opportunity  to  review  the  present  knowledge  in  this 
relatively  new  area  and,  more  importai  tly,  to  identify  problems  where  more  research  and  development  is  needed. 

It  was  shown  that,  on  a modern  combat  aircraft,  the  stall/spin  cliaract'  ristics  must  be  considered  from  the 
preliminary  design  stage,  and  the  prediction  of  those  characteristics,  using  both  analytical  and  experimental 
methods,  must  be  refined  progressively  in  the  design  development.  The  difficulties  of  achieving  a proper  balance 
between  various  possibilities,  including  the  cost/effectiveness  viewpoint,  have  been  recognized.  In  particular,  ways 
must  be  found  to  simplify  and  to  reduce  the  cost  of  the  promising  RPRV  technique. 

The  following  actions  have  been  recommended: 

Active  cooperation  between  European  and  US  specialists,  in  particular  in  the  area  of  vertical  tunnel  testing 
and  free  flight  models.  Contacts  have  been  arranged  for  the  near  future. 

Application  of  departure/spin  criteria  to  various  aircraft  and  exchange  of  information  about  the  results. 

Promotion  of  refined  analytical  flight  dynamic  studies  of  high  angle  of  attack  behaviour.  (The  data  input 
to  these  studies  would  be  based  on  extensive  static  and  dynamic  wind  tunnel  tests  up  to  90°  of  angle  of 
attack  and  30  to  40°  of  sideslip).  The  difficulties  created  by  the  highly  nonlinear  aerodynamic  character- 
istics and  by  scale  effect  must  be  solved  by  the  development  of  adequate  testing  facilities,  specialized 
’csting  equipment,  and  testing  methods. 

Periodic  review  of  the  high  angle  of  attack  problems  either  through  the  medium  of  similar  specialists’ 
Meetings  or  by  Working  Groups  sponsored  by  AGARD. 


G.P.  BATES,  Jr 
Member 
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SUMMARY 

Stall/spin  problems,  a*  old  as  the  history  of  airplane  flight,  still  plague  aircraft  designers. 
Aircraft  configurations  are  driven  by  performance  demands,  while  ac  high  angle  of  attack  our  capability 
to  analyze  potential  problem*  - or  to  devise  solutions  - has  remained  limited.  Simple  prediction  meth- 
od* are  not  always  enough,  and  data  Inadequacies  Impair  the  usefulness  of  more  sophisticated  analysis. 
The  development  of  spin  tunnel  and  free-fllght  model  testing  techniques  is  traced,  prospects  of  improved 
aerodynamics  indicated,  and  some  flight  control  system  capabilities  outlined,  with  reference  to  experi- 
ence with  some  recent  airplanes.  We  retain  interest  In  recovery  from  spins  and  post-stall  gyrations, 
but  see  a need  for  more  emphasis  on  designing  for  resistance  to  loss  of  control. 


The  early  glider  flights  of  the  Wright  brothers  often  ended  by  dropping  off  on  one  wing,  out  of 
control,  with  a wingtlp  eventually  striking  the  Kitty  Hawk,  North  Carolina,  sand  in  a rotary  motion. 
While  the  low  altitude  of  these  flights  prevented  motion  from  developing  fully,  it  seem  clear  that 
these  were  departures  Into  Incipient  spins. 

In  those  early  days  of  sumned  flight  the  spin  wrs  as  dangerous  as  It  is  today.  When  the  Wright 
brothers  first  tried  warping  the  vmge  to  roll  Into  a turn,  they  found  that  the  banking  was  accompanied 
by  a dangerous  tendency  to  diverge  in  yaw  at  high  angle  of  attack1.  Adding  a fixed  vertical  fin  helped 
stabilize  the  1902  glider,  but  the  loss-of-contvol  problem  persisted.  Orville  Wright  reasoned  that  a 
hinged  vertical  rudder  could  produce  a counter  yawing  moment  to  keep  the  yaw  from  starting  ar.d  thus 
enable  the  flyer  to  remain  under  control.  This  waa  tried  firut  with  rudder  deflection  connected  to  t.he 
wing-warp  control,  than  with  the  pilot  controlling  the  rudder  separately.  The  fix  was  effective  but 
required  the  pilot'a  constant  attention.  Proper  spin  recovery  controla  were  not  generally  known  until 
1916,,  whan  flight  teat  experiments  on  cpln  recovery  procedures  were  conducted  at  the  Royal  Aircraft 
Factory,  Fa.rnborough , In  an  F E 82.  Wing  Commander  Macmillan  la  responsible  for  a fascinating  early 
history  of  the  spin  in  Aeronautics.  1960-o2  Issues.  For  early  airplanes  the  spin  recovery  technique  was 
st  least  rational  If  not  instinctive:  forward  stick  and  rudder  opposing  the  yawing  motion  should  stop 
the  rotation  *nd  install  the  wing.  Once  these  recovery  controls  were  known,  WVI  pilots  used  the  spin 
an  a maneuver  to  lose  altitude  without  gaining  airspeed3.  Then  In  the  1920s  some  of  the  more  peculiar 
apin  modea  were  recognized  as  problems.  Accident  summaries  from  that  era1*’3’6  show  spins  Involved  in 
about  three  percent  of  all  accidents  reported  and  in  twenty  to  thirtv  percent  of  the  fatal  accidents. 

Analytical  atudles  and  dynamic  wind  tunnel  testing  to  reduce  the  stall/spin  problem  were  reported 
In  England  as  early  as  1917.  Autorotstlon  was  observed  In  the  wind  tunnels,  and  the  first  analytical 
prediction  method*  were  developed  by  Glsuert  and  Llndemann.  Gates  and  Bryant  presented  a comprehensive 
survey  of  spinning7ln  1927.  About  1930,  a method  of  determining  the  flight  path  and  altitude  of  a spin- 
ning aircraft  was  put  Into  use8.  Rotation  rates  about  and  accelerations  along  the  principal  axes,  as 
well  as  vertical  velocity  were  measured  and  recorded  photographically.  This  information  was  used  to 
define  the  motion  of  the  aircraft,  which  could  then  be  used  in  conjuctlon  with  the  analytical  prediction 
methods. 
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full-scale  testing  was  to  attach  external  ballast,  which  when  released  would  cause  the  center  of  gravity 
of  the  airplane  to  move  forward,  thus  returning  the  airplane  to  a controllable  configuration9.  Because 
of  the  hazards  involved  In  stall/spin  flight  testing,  researchers  hesitant  to  use  full-scale  aircraft 
tried  free-fllght  models.  One  of  the  early  spin  models  was  dropped  from  the  top  of  a 100-foot  balloon 
hangar  at  Langley  Field.  This  proved  an  Inadequate  means  of  obtaining  data,  and  soon  vertical  wind  tun- 
nels were  being  built  to  Investigate  spinning  (1930  in  the  United  States,  1931  in  England).  In  1945  the 
U.S.  Army  Air  Force  dropptd  an  Instrumented  model  from  a Navy  blimp  to  study  spin  entry  and  recovery. 


Aa  Jet  aircraft  were  developed,  the  inertial  characteristics  of  fighters  in  particular  were  changed 
to  the  point  that  spins  and  other  post-stall  motions  became  mere  troublesome  and  even  required  different 
recovery  techniques.  By  the  time  of  the  1957  Wright  Air  Development  Center  Spin  Symposium18 , most  stall/ 
spin  problems  were  Identified,  some  analysis  methods  had  been  developed,  and  the  electronic  digital  com- 
puter provided  a useful  tool  with  which  to  examine  the  stall/spin  problem11. 


Then  suddenly  the  en>haals  was  shifted  to  space,  "ith  little  management  Interest  and  rather  poor 
expectations  of  Improvement,  resources  for  stall/spin  research  were  quite  limited.  Instead  our  Alv 
Force  tended  to  concentrate  on  performance  improvements,  which  often  have  aggravated  stability  and  con- 
trol orobleras  at  high  angles  of  attack.  Todav,  a large  and  costly  Air  Porce  accident  iccord  and  a re- 
newed emphasis  on  maneuver  capability  have  led  to  a larger  concentrated  effort  to  solve  the  problems 
associated  with  aircraft  operating  In  the  stall/spin  flight  regime12. 


Large  aircraft  have  also  experienced  stall/spin  problems.  For  example,  several  B-58s  wore  lost 
in  spina.  Automatic  trimming  of  the  control-stick  force  was  mechanized  In  such  an  insidious  wsy  that 
an  Inattentive  pilot  might  not  be  aware  of  a slowdown  to  stall  speed.  Trouble  with  fuel  management 
could  result  In  an  extreme  aft  center  of  gravity,  at  which  B-58  stability  and  control  were  deteriorated. 
The  C-133,  on  long  flights,  would  climb  to  an  altitude  approaching  its  aosolute  celling.  Poor  stall 
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warning  and  a vlcloua  stall  while  trying  to  fly  there  are  thought  to  have  cauaed  the  disappearance  of 
several  C-133  aircraft-  It  has  become  cu« ternary  to  require  analysis  and  spin  tunnel  testing  of  all 
U.S,  military  airplanes  even  though  flight  demonstration  of  large,  low-maneuverability  types  la  limited 
to  stalls  with  only  moderate  control  abuse13. 

The  military  specification 14 for  flying  qualities  defines  good  hlgh-a  characteristics  in  terms  that 
are  qualitative  rather  than  quantitative.  The  airplane  must  exhibit  adequate  stall  warning,  and  in  ad- 
dition the  stall  must  be  eaaily  recoverable.  We  now  emphasize  resistance  to  violent  departures  from 
controlled  flight,  while  retaining  requirements  for  recovery  from  attainable  post-stall  motions.  The 
definitions  of  good  high-angle-of-attack  characteristics  will  differ  for  the  various  classes  of  air- 
craft; but  with  respect  to  fighter  aircraft,  a pilot  should  not  have  to  worry  about  loss  of  control 
while  flying  within  his  useful  maneuver  envelope.  We  shall  need  quantitative  requirements  that  will  be 
of  more  use  in  the  design  stage  for  all  classes  of  airplanes. 

Generally  post-stall  design  and  testing  have  emphasized  spins  and  spin  recovery,  taking  the  point 
of  view  that  assurance  of  recoverability  from  the  worst  possible  out-of-control  situation  guarantees 
safety.  This  philosophy  falls  short  In  several  raspects.  Resistance  to  departure  has  not  been  empha- 
sized adequatelv.  The  motions  can  be  disorienting,  and  recovery  control  inputs  such  as  ailerons  with 
the  spin  are  unnatural.  And  as  airplanes  grow  larger  and  heavier,  altitude  loss  becomes  excessive. 

P-111  Instructions,  for  example,  are  to  eject  If  spin  recovery  has  not  comoenced  upon  reaching  15,000 
feet  altitude.  Spins  and  spin  recovery  should  not  be  neglected,  but  emphasis  needs  to  shift  to  departure 
resistance  and  early  recovery. 

STATUS  OF  TECHNOLOGY 

Recent  studies  of  current  Air  Force  fighters  have  developed  additional  Inalght  Into  their  high- 
angle-of-attack  problems.  Also,  Initial  F-14  and  F-15  flight  results  show  that  substantial  luprovementr. 
can  be  secured  by  concentrated  design  attention.  Rut  design  effort  Is  very  large,  trade-offs  are  un- 
certain, and  confidence  Is  unsure  until  after  thorough  flight  demonstration.  There  remains  the  need  to 
establish  definitive  requirements  and  develop  a greatly  expanded  basis  for  aerodynamic  and  flight  con- 
trol design.  To  that  end.  Improved  design  methods  and  criteria  are  being  sought  for  the  high-a  char- 
acteristics of  present  and  future  aircraft. 

Except  for  a few  rules  of  thumb,  analytical  atall/aplr.  work  Is  based  on  the  mathematical  equations 
that  describe  the  motion  of  an  aircraft.  The  general  equations  of  motion  Involve  both  inertial  and  aero- 
dynamic nonlinearities.  For  the  large-amplitude  motions  associated  with  stall/post-stall  flight,  lin- 
earization of  the  equations  Is  of  limited  value,  while  using  the  nonlinear  equations  makes  generalization 
difficult.  The  primary  reason  for  inaccurate  prediction  of  high-angle-of-attack  characteristics  is  the 
insufficient  quality  of  the  available  aerodynamic  data.  Analysis  of  the  tnree-dlmenslonal  separated 
flow  field  Is  moat  difficult. 

The  principal  U.S.  source  of  high-a  static  aerodynamic  data  at  high  Reynolds  number  has  been  the 
National  Aeronautics  and  Space  Administration  Ames  11-foot  and  12-foot  wind  tunnels.  (Figure  1)  Although 
flow  Irregularities  and  mount  limitations  there  have  11m' ted  the  validity  of  data  taker,,  these  deficien- 
cies are  to  be  rectified.  Ti.a  Arnold  Engineering  Development  Center  16-foot  transonic  tunnel  also  has  a 
high  Reynolda  number  capability,  but  no  existing  facility  can  reach  the  flight  Reynolds  numbers  of  full- 
scale  al  ->lanes.  Still,  exceeding  critical  Reynolds  number  appears  to  be  the  most  important  test  require 
ment.  NA^A  has  had  a small  rotary  balance  in  the  spin  tunnel  and  new  Is  employing  a new  rotary  balance 
in  the  Langley  30-foot  by  60-foot  tunnel.  Rotary  and  oscillatory  dynamic  testin'*  are  expected  to  produce 
different  aerodynamic  results1-5.  NASA  Ames  Is  also  working  on  Improved  dynamic  wind  tunnel  testing  ap- 
paratus. 

t 

The  steady  spin  and  recovery  can  be  investigated  In  a vertical  wind  tunnel,  but  the  dynamically 
scaled  spin  tunnel  aircraft  models  are  rather  small,  "oreover,  a more  fundamental  .limitation  Is  that  the 
models  are  tossed  Into  the  tunnel  much  as  a Frisbee  is  launched;  it  taker,  more  skill  than  we  possess  to 
determine  entry  characteristics,  although  Goheltz  has  shown  some  capability  in  his  spin  tunnel  at  Lille. 
Also  at  NASA  Langley,  modela  of  about  3~foot  span  are  flown  In  the  30-foot  by  60-foot  tunnel,  with  power 
and  control  signals  transmitted  through  an  umbilical  cord.  (Figure  2)  This  method  enables  1-g  stalls  and 
Initial  departurns  to  be  studied  In  conditions  resembling  free  flight. 

Free-flight  model  tearing  has  also  taken  the  forms  of  catapulted  models  (recorded  by  multiple-ex- 
posure photos),  (Figure  3)  and  radio-controlled  models  dropped  from  blimps,  llghtplaues,  or  helicopters. 
In  the  U.S.,  Bownan  has  done  much  of  this  at  LanRley.  Free-flight  model  test  results  have  been  found 
generally  to  agree  qualitatively  with  full-scale  results  despite  Reynolds  number  differences.  But  from 
cost  and  tine  considerations  most  of  these  tests  have  followed,  rather  than  preceded,  full-scale  tests 
at  high  angle  of  attack. 

In  design  development,  drop  model  testing  can  be  coupled  with  recently  developed  parameter  identi- 
fication techniques  to  supply  both  the  aerodynamic  description  and  an  indication  of  the  real  airplane 
behavior  at  high  angles  of  attack.  > large-scale  model  can  allow  both  a better  match  of  Reynolds  number 
and  the  internal  volume  required  for  extensive  telemetry  equipment  and  sensors.  Telemetry  is  used  to 
gather  detailed  data  for  later  analysis  and  possibly  also  for  modeling  an  active  flight  system.  The 
model  can  enter  Btall/departure  from  maneuvers  as  well  as  from  1-g  flight,  and  the  entire  motion  from 
onset  through  recovery  can  be  experienced.  The  qulckenaci  time  scale,  however,  will  not  permit  a direct 
pilot  evaluation  of  flying  qualities.  The  ttodel  ccn  be  used  to  provide  information  at  extreme  flight 
conditions,  with  no  danger  to  the  pilot.  Variations  of  this  technique  are  currently  being  pursued  by 
the  MSA  Flight  Reaeas ch  Center  (F-15),  Air  Force  Flight  Dynamics  Laboratory  and  Flight  Test  Center 
(YF— 16) , NASA  Langley  Research  Center  (various  models),  and  the  Royal  Aircraft  Establishment,  Bedford. 

In  another  program  at  Langley,  smaller  models  with  simpler  Instrumentation  and  controlled  with  hobby 
equipment  are  being  Inveatigated  to  see  how  much ’can  be  learned  from  a minimum-cost  drop  model  program 
aimed  at  general  aviation.  Figure  11  shows  a 0.30-scale  YF-16  drop  model  ready  for  installation  on  a 
helicopter  in  preparation  for  stall/spin  testing  at  tha  Air  Force  Flight  Test  Center. 
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The  analysis  of  hlgh-arsgle-of-attack  flight  characteristics  has  been  a subject  of  increased  interest 
and  importance  over  the  past  few  years.  No  one  here  needs  to  be  reminded  that  uncontrollable  yaw  and/ 
or  roll  divergence  at  or  near  the  stall  prevents  unrestricted  use  of  an  airplane's  full  maneuvering  cap- 
ability and  occasionally  results  in  the  loss  of  an  airplane  and  crew.  In  military  sen-ice  not  only 
fighter  type  aircraft  but  bomber  and  cargo  aircraft  too  have  experienced  stall/spin  problems.  The  stall/ 
spin  problem  has  also  been  responsible  for  a great  many  losses  of  life  and  equipment  in  the  civil  avi- 
ation field. 

During  the  past  decade  we  have  seen  the  development  of  numerous  configurati _>ns  of  jet-powered  fighter 
and  transport  airplanes.  Transport  aircraft,  in  general,  have  been  characterized  by  a moderately  swept- 
back  wing  of  medium  aspect  ratio  in  combination  with  innovations  such  as  fuselage-mounted  engines  and 
tee-tails,  all  leading  to  a fundamental  change  in  stall  characteristics.  High-performance  fighter  air- 
craft design  has  only  recently  emphasized  the  need  for  good  flying  qualities  at  high  angles  of  attack. 
Unfortunately,  definition  of  the  configuration  features  which  contribute  favorably  to  those  flying  qual- 
ities is  far  from  complete. 

Tne  potential  for  conducting  meaningful  analytical  investigations  to  determine  stability  and  control 
characteristics  at  high  angle  of  attack  is  considerably  better  today  than  in  the  past.  Computers  have  been 
developed  to  the  point  where  solution  of  the  six-degree-of-f reedom  equations  of  motion  poses  few  problems 
of  cost,  progranmlng,  computation  time,  etc.  Thsri:  is  a consensus  that,  in  the  design  process,  dynamic 
characteristics  should  be  Investigated  at  angles  of  attack  to  and  beyond  stall  on  every  aircraft  and  at 
even  higher  angles  of  attack  (i.e.,  up  to  90  degrees)  and  a?so  high  sideslip  angles  O.e. , up  to  30-40 
degrees)  on  some  types  of  aircraft.  It  is  generally  agreed  that  a full  statement  of  aerodynamic  char- 
acteristics obtained  in  the  wind  tunnel  provides  a good  basis  at  least  for  near-stall  stability  aid  con- 
trol analysis,  but  that  there  are  many  unresolved  problems  associated  with  the  validity  of  data  at  much 
higher  angles  of  attack. 

Analytical  studies  are  being  conducted  with  these  data,  for  example  Reference  16,  and  results  cor- 
related with  free-f light  model  and  full-scale  flight  test  results.  Attempts  at  correlation  have  had 
varying  degrees  of  success.  The  analytical  technique  most  commonly  employed  to  study  stall/spin  problems 
involves  a simultaneous  solution  of  the  equation  of  motion  and  assoclsted  formulas.  Near-stall  stability 
and  control  analysis  using  this  technique  correlates  better  with  experimental  test  results  chan  does 
analysis  of  developed  spin  modes.  Good  matching  of  spin  model'  and  recovery  characteristics  with  free- 
flig.it  model  and  full-acale  flight  teat  results  is  seldom  obtained  with  a computer  solution.  On  the 
oth»v  hand,  spin  tunnel  and  free-flight  dynamically  similar  scale  model  teat  results  correlate  reasonably 
well  with  full-scale  airplane  teat  results.  If  we  are  to  resolve  problems  assoclsted  with  the  validity 
of  data  and  analysis,  a continuing  effort  la  needed  which  Includes  research  as  well  as  work  on  aircraft 
now  under  development. 

ANALYSIS  :iND  DESIGN  TECHNIQUES 

A considerable  amount  of  work  has  been  completed,  and  more  is  being  planned,  to  identify  configura- 
tion features  which  either  promote  or  delay  departures  from  controlled  flight  and  which  contribute  fav- 
orably toward  spin  recovery  17-22.  The  Influence  of  wing  planform  and  position  have  been  investigated 
with  symmetrical  fuselage  shapes  as  well  as  on  specific  airplane  configurations.  Hind  tunnel  investigations 
are  needed  to  determine  the  Integrated  effects  of  forebody  and  afterbody  shapes,  inlet  ducts,  vertical 
wing  position,  wing  leading  edge  flaps,  single  and  twin  vertical  fins,  horizontal  stabilizer  position, 
and  strakes  on  lateral-directional  static  stability  characteristics  at  high  angles  of  attack.  Identifi- 
cation of  those  features  which  are  stabilizing  and/or  provide  favorable  interference  effects  on  other  com- 
ponents can  provide  guidelines  for  the  design  of  new  aircraft  (or  the  modification  of  existing  aircraft) 
with  inherently  good  high  angle  of  attack  flight  characteristics,  and  design  data  needs  to  be  compiled. 
Examples  of  some  such  work  on  lateral-directional  stability  characteristics  ere  shown  in  Figures  4 through 
717. 

Figure  4 shows  the  effect  of  forebodiea  with  elliptical  cross  sections  on  directional  stability. 

For  the  fuselage  alone,  both  forebodiea  exhibit  a destabilizing  characteristic  up  to  about  30  degrees 
angle  of  attack.  However,  the  horizontal  elliptical  forebody  (fo.ebody  A)  sho^s  a stable  brerk  and  then 
becomes  stable  above  30  degrees. 

Figure  4 also  shows  the  effect  of  forebody  shape  when  a vertical  tail  la  added.  Forebody  A exhibits 
good  directional  stability  over  a large  range  of  angles  of  attack  as  compared  to  the  forebody  shaped  aa  a 
vertical  ellipse  (forebody  B). 

The  effect  of  wing  position  on  forebody  A,  which  now  Includes  a ventral  inlet  as  well  as  a vertical 
tail,  is  shown  in  Figure  5.  At  high  angles  of  attack  the  low  wing  produces  significantly  better  lateral- 
directional  stability  than  does  the  high  wing.  Apparently  the  low  wing  has  less  adverse  effect  on  the 
i idy  and  a more  favorable  effect  on  vertical  tail  effectiveness. 

One  final  example  has  to  do  with  the  effect  of  forebody  strakes  on  lateral-directional  stability, 
t was  found  that  a forebody  strake  contributes  favorably  to  lateral-directional  stability,  aa  indicated 
n Figure  6,  and  that  the  length  of  the  strake  affects  the  degree  of  improvement.  Because  of  their  loca- 
tion, these  forebody  strakes  produce  s longitudinal  destabilizing  effect  as  shown  in  Figure  7.  The  effect 
is  minimal  for  the  short  strake  (the  one  most  effective  from  a late.-al-directional  standpoint). 

Flow  visualisation  tests  are  invaluable  for  obtaining  an  understanding  of  the  nature  of  flow  phenomena 
causing  rerodynamic  pro-spin  moments  at  developed  spin  angles  of  attack  or  a loss  of  lateral-directional 
stability  at  stall.  Flow  visualization  studies  have  been  conducted  on  several  fighter-type  aircraft21’22 
after  laterai-directional  atability  problems  were  encountered  during  flight  testing.  But  then  even  if  a 
seemingly  minor  aerodynamic  modification  will  correct  the  problem  often  it  cannot  be  accomplished  because 
of  high  coat,  impact  on  production  schedules,  etc.,  a situation  that  some  of  us  here  have  been  faced  with. 
Flow  vlsualizat ion  studies  at  high  angle  of  attack  can  be  considered  a necessity  for  design  of  an  air 
superiority  aircraft,  and  they  can  be  a great  help  in  designing  other  aircraft. 
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The  problems  experienced  with  analytical  studies  of  stc.ll/post-8tall/8pln  characteristics  seem  to  be 
associated  with  the  aerodynamic  model.  If  the  aerodynamic  model  is  based  on  wind  tunnel  data  at  low 
Reynolds  number  then  the  results  obtained  may  be  misleading  for  some  configurations.  The  use  of  dynamic 
stability  derivatives  (as  determined  from  forced-oscillation  testa)  to  compute  developed  spin  motions  has 
met  with  limited  success  in  matching  the  mocic:.:  obtained  from  free-flight  models  or  spin  tunnel  teste. 

The  aerodynamic  moments  generated  in  a developed  spin  due  to  steady  rotational  fliv  tppear  to  be  sig- 
nificant. A rotation-balance  is  required  to  obtain  data  while  the  model  is  rotating  and  under  the  same 
local  flow  conditions  that  exist  in  an  actual  spin2-. 

Analytical  studies  with  the  objective  of  matching  model  and  full-scale  departure  characteristics 
have  had  some  success,  though  fudging  of  the  data  is  not  uncommon.  Exact  matching  is  seldom  if  ever 
achieved,  but  there  has  been  good  correlation  with  respect  to  the  degree  of  spin  susceptibility  and  the 
type  of  departure-that  is,  a strong  yaw  divergence  or  a rolling  departure.  In  any  case  there  must  be  a 
fully  defined  statement  of  aerodynamic  characteristics.  Dynamic  derivatives  may  be  obtained  with  the 
forced-oscillation  technique,  rotary  derivatives  obtained  with  the  use  of  a rotation-balance,  and  data 
measured  in  increments  as  small  as  one  or  two  degrees  in  angle  of  attack  and  sideslip  at  near  stall  angles 
of  attack. 

O’er  the  pant  few  years  there  have  been  several  studies  conducted  to  investigate  initial  design  cri- 
teria for  predicting  departure  characteristics  and  spin  susceptibility  of  fighter-type  aircraft.  These 
criteria  use  static  aerodynamic  characteristics  since  static-force  test  data  are  among  the  first  data 
obtained  during  the  initial  design  stages.  The  designer  has  available  basic  data  early  in  preliminary 
design  from  which  stability  ano  control  analysis  can  be  started,  in  order  to  determine  whether  or  not  the 
airplane  might  experience  problems  at  near-stall  angles  of  attack.  A main  objective  of  these  studies 
has  oeen  to  verify  or  extend  existing  stability  criteria,  and  possibly  develop  new  criteria  which  can  be 
used  with  a reasonable  degree  of  confidence  for  a first-out  prediction  of  full-scale  aircraft  departure 
characteristics  and  spin  susceptibility  as  early  as  possible  in  the  design  stage. 

Some  of  the  parameters  developed  for  predicting  aircraft  departure  characteristics  and  spin  suscep- 
tibility24-2^^ shown  in  Figure  8.  There  has  been  a considerable  amount  of  effort  to  correlate  the 
dynamic  directional  stability  parameter  CngrjYN  an<*  t*ie  control  divergence  parameter,  LCDP,  with 

experimental  data  as  well  as  with  results  of  analytical  studies.  The  studies  describe,’  in  References 
25and26are  recent  examples.  Figure  9 illustrates  the  use  of  the  Cngp^  and  LCDP  parameters  for  pre- 
dicting departure  characteristics  and  spin  susceptibility27”28.  The  parameters  are  calculated  for  a 
range  of  near-stall  angles  of  attack.  Then  depending  upon  where  values  of  the  criteria  plot,  a Judgment 
can  be  made  regarding  departure  and  spin  susceptibility. 

Another  criterion  for  predicting  departure  angle  of  attack  is  the  "8  plus  6 Axis  Stability  Indicator" 
(Figure  8.  equations  4 and  5).  A detailed  derivation  and  explanation  of  this  criterion  can  be  found  in 
Reference28.  Figure  10  illustrates  the  use  of  this  criterion.  In  order  to  predict  aircraft  departure 
angles  of  attack,  a_g  and  ag  are  plotted  over  the  desired  range  of  aircraft  angles  of  attack.  If  the  a{ 
line  is  above  the  a line  at  a given  angle  of  attack  or  if  a_.  < 0,  then  a tendency  toward  instability 
can  be  expected  at  the  lower  of  these  angles  of  attack.  Because  of  the  direct  relationship  between 
Cr‘BDYN  and  °-8 ’ wllon  ° then  CnBDYN~  A^so>  "hen  a_g  • ag  then  LCDP  - 0. 

Generally  the  stability  derivatives  used  in  calculating  these  various  criteria  ere  applicable  over 
only  a small  sideslip  angle  range,  for  example  ±5°.  The  higher  the  angle  of  attack,  the  more  nonlinear 
Cn  and  Cl  versus  B become  and  it  is  possible  to  calculate  positive  values  for,  say  Cnn_„„  over  a small 
B range  and  negative  values  over  a larger  6 range  (e.g.,  ±10°).  Consequently,  the  aerodynamic  data  used 
in  calculations  should  also  take  into  account  nonlinearities  over  the  large  as  well  as  over  the  small  B 
range.  The  uncertainty  of  determining  dynamic  response  of  a nonlinear  system  in  terms  of  lineer  parameters 
is  one  significant  shortcoming  of  these  methods,  the  other  being  a degree  of  oversimplification  even  for 
aerodynamics  that  are  linear  with  sideslip.  Nevertheless,  these  rules  of  thumb  can  give  valuable  early 
indication  of  potential  problems. 

Despite  the  problems  that  have  been  and  will  continue  lo  be  encountered  regarding  correlation  of 
analytical  and  experimental  results,  analytical  studies  can  play  an  important  role  in  exploring  the  over- 
all spin  problem.  Reference30oxtends  closed-loop  pilot-vehicle  analysis  to  coupled  longitudinal  and 
lateral-directional  motion  at  combined  angles  of  attack  and  sideslip.  Reference20ls  an  example  of  a 
program  r.ow  in  progress  to  investigate  the  stall/spin  characteristics  of  a CCV  fighter  aircraft  and  to 
establish  configuration  design  guidelines. 

Although  much  progress  has  been  made  in  analyzing  and  understanding  the  effects  of  configuration 
features  on  aerodynamic  characteristics  at  high  angle  of  attack,  analytical  studies  cat. not  and  should 
not  be  considered  a substitute  for  full-scale  flight  test  programs.  However,  they  can  augment  the  know- 
ledge gained  from  such  programs  as  well  as  providing  important  Information  either  during  preliminary 
design  or  for  possible  configuration  changes  to  existing  aircraft. 

THE  OUTLOOK 

The  Increased  attention  now  given  to  stall/spin  characteristics  is  in  Itself  a major  step  forward. 
Relatively  simple  fixes  have  been  found  which,  while  not  eliminating  stall  spin  problems,  have  provided 
significant  Improvement  Such  a fix  is  the  F-lll  Stall  Inhibitor  System,  which  has  been  flown.  While 
the  flight-test  program  stopped  jhort  of  extreme  maneuvers,  the  combination  of  additional  directional 
stability  augmentation  and  a high  stick  force  gradient  in  pitch  near  thf  limit  angle  of  attack  appear? 
to  be  an  effective  departure  deterrent.  For  one  thing,  the  stability  augmentation  forces  the  airplane 
to  roll  more  about  its  flight  path  than  about  its  body  X axis.  On  the  F-4,  leading-edge  slats  now 
delay  both  buffet  onset  and  departure  to  a higher  angle  of  attack.  Also,  Air  Force  Flight  Dynamics  Lab- 
oratory's Tactical  Weapon  Delivery  (TWcaD)  program  demonstrated  the  effectiveness  of  improved  stability 
augmentation  at  nngles  of  attack  below  departure  for  a standard  F-4.  On  a simulator,  Calspan  Corporation 
has  demonstrated1 1 that  u somewhat  more  sophisticated  change  in  the  flight  control  svstem  can  essentially 
eliminate  A-7D  departures,  and  Vought  independently  has  derived  jn  aerodynamic  modification,  a wing  lending- 
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edge  extension  next  to  the  fuselege,  that  gives  significant  improvement.  The  K-14  also  uses  the  flight 
control  system  tc  improve  departure  resistance:  "The  magnitude  of  the  yawing  moment  required  for  a spin 
cannot  be  developed  when  the  stick  is  laterally  centered  at  spin  angles  of  attack."22  A highly  succes- 
sful example  of  effective  control-limiting  is  the  T-38/F-5,  which  has  a potential  unrecoverable  flat 
spin  mode.  While  stabilizer  authority  is  adequate  for  other  uses,  it  Is  limited  to  the  extent  that,  in 
flight  test,  only  abrupt  full  aft  stick  held  for  a long  time  would  develop  a spin.  Spins  have  n't  been 
encountered  at  all  in  T-38/F-5A,  B operational  use. 

We  feel  strongly  that,  despite  the  possible  capabilities  of  a flight  control  system,  there  is  no 
substitute  for  careful  aerodynamic  design.  Nevertheless,  other  factors  may  dictate  use  of  the  flight 
control  systems  to  prevent  departure  from  controlled  flight.  Air  combat  effectiveness,  excessive  al- 
titude loss,  possible  pilot  disorientation,  and  perhaps  an  unnatural  recovery  technique  are  some  con- 
siderations in  further  limiting  airplane  motions. 

It  can  be  said  that  in  order  to  improve  aerodynamic  design  capability,  better  tools  are  needed. 
Higti-a  aerodynamic  theory  is  a long-term  project,  although  intermediate  results  will  be  helpful  we  look 
for  progress  in  the  form  of  fundamental  flow  theory  including  viscid-inviscid  interaction,  with  highly 
Instrumented  wind  tunnel  models  to  provide  data  and  validation;  new  dynamic  model  mounts  for  wind  tunnel 
testing;  and  free-flight  models  Improved  at  both  ends  of  the  cost  spectrum.  Simple,  less  expensive  free- 
flight  testing  of  relatively  small  models  can  be  helpful  early  in  design,  while  the  effects  of  stability 
augmentation,  etc.,  can  be  investigated  with  larger,  more  elaborate  free-flight  models  in  time  to  aid  the 
full-scale  flight  tests. 

Although  flying  qualities  in  the  normal  flight  regime  can  be  specified  quantitatively  in  great  de- 
tail, the  complications  of  non-linearities  and  coupled  motions  near  the  stall  region  have  precluded  the 
statement  of  criteria  that  could  be  very  helpful  to  the  designer.  Qualitative  statements  of  general  air- 
craft behavior  at  the  stsll  region  are  of  limited  help.  Groundbased  simulators  with  enhanced  visual  or 
motion  capability,  or  both,  offer  a safe,  efficient  way  to  conduct  preliminary  pilot  evaluations.  Pilot- 
vehicle  analysis  has  beer,  instrumental  in  recasting  dynamic  requirements  for  lower  angles  of  attack,  and 
now  we  may  be  able  to  extend  these  techniques  to  the  stall/spin  region.  The  goal  of  the  flying-qualities 
efforts  is  to  derive  and  quantify  motion  and  vehicle  parameters  and  to  develop  analysis  techniques  that 
can  be  related  directly  to  airplane  design. 

On  the  other  band,  we  realize  that  "design  trade-off"  is  a synonym  of  "compromise."  Thus,  we  will 
never  be  rid  of  stall/spin  problems  even  if  we  should  come  to  understand  the  phenomena  thoroughly.  But 
there  are  several  approaches  that  need  to  be  followed  in  order  to  make  these  design  trade-offs  possible 
on  a basis  approaching  rationality. 
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Figure  2 - A B-l  free-f light  model  being 
tested  in  the  30  x 60-foot 
wind  tunnel  at  NASA  Langley 
Research  Center. 
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Figure  3 - Multiple-exposure  photograph 
provided  data  for  analyzing 
the  stall/spin  characteristics 
of  a model  aircraft  being 
tested  at  the  catapult  facility 
of  the  Flight  Dynamics  Labora- 
tory at  Elizabeth  City,  NC. 


FIGURE  5-  EFFECT  OF  WING  POSITION  ON  FOREBODY  A/VERTICAL  TAIL  ON 
AND  VENTRAL  INLET  (REF.  17) 
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Cn^oYN  “ Cn^  co$a-  (Iz/Ix)  C sin  a > 0 

Cn» 

l.CDP  = Cn^  - C*0  > 0 (2) 

8a 

AILERON  + RUDDER  PROPORTIONAL  TO  AILERON: 

Cn*.  + K2Cn*. 

LCDP  ■ Cn.-C^  > 0 (3) 

Kz  = Sr/ 8a 

0 PUIS  8 AXIS  STABILITY  INDICATOR: 

a-fi  * °',an"(  77 ) (4) 

as  * a -ton"  ( if  ) (5) 

FOR  STABILITY:  a$  > <*8  AND  a > 0 


FIGURE  S-  PARAMETERS  FOR  PREDICTING  DEPARTURE 
AND  SPIN  SUSCEPTIBILITY 


REGION  A:  NO  DEPARTURE 

REGION  8:  MILD  INITIAL  YAW  DIVERGENCE  FOLLOWED 
BY  ROLL  REVERSAL  (MILD  ROLLING 
DEPARTURE)  LOW  SPIN  SUSCEPTIBILITY 
REGION  C:  MODERATE  INITIAL  YAW  DIVERGENCE 

FOLLOWED  BY  ROLL  REVERSAL.  (MODERATE 
ROLLING  DEPARTURE)  MODERATE  SPIN 
SUSCEPTIBILITY 

REGION  D:  STRONG  DIRECTIONAL  DIVERGENCE  WITH  ROLL 


FIGURE  9-  DEPARTURE  AND  SPIN  SUSCEPTIBILITY 
CRITERIA  (REF.  27,  28) 
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THE  STALL/SPIN  PROBLEM  - AMERICAN  INDUSTRY'S  APPROACH 


by 

Charles  A.  Anderson 
Fighter  CCV  Program  Manager 
General  Dynamics'  Fort  Worth  Division 
F.O.  Box  748,  Fort  Worth,  Texas  76i01 


SUMMARY 


In  this  paper  the  stall/spin  problem  as  viewed  by  American  industry  is  reviewed. 
An  attempt  is  made  to  detail  what  has  caused  us  to  have  stali/spin  problems,  what  options 
are  open  to  the  aircraft  designer  to  reduce  stall/spin  susceptibility,  and  some  of  the 
current  evaluation  criteria  that  are  available.  Also,  the  various  analytical  and  exeri- 
mentai  tools  and  flight  test  techniques  available  today  are  reviewed.  An  assessment  is 
then  made  of  the  usefulness  of  each  of  these  guidelines,  tools,  and  techniques.  Finally, 
a recommended  procedure  for  determining  the  stall/spin  susceptibility  and  characteristics 
is  presented. 

LIST  OF  SYMBOLS 

2 

Aa  area  forward  of  center  of  gravity,  ft 

A2  area  aft  of  center  of  gravity,  ft* 

BA  body  axis 

Ix  inertia  about  x-axis,  slug-ft2 

Iy  inertia  about  y-axis,  slug-ft2 

2 

Iz  inertia  about  a-axis,  slut-ft 

LCDP  lateral  control  departure  parameter 

Li  distance  from  centroid  of  A].  to  center  of  gravity,  ft 

L2  Distance  from  centroid  of  A2  to  center  of  gravity,  ft 

NACA  National  Advisory  Committee  for  Aeronautics 

RN  Reynolds  number,  per  ft 

2 

S wing  area,  ft 

US  United  States 

V velocity,  ft/sec 

b wing  span,  ft 

c mean  aerodynamic  chore,  ft 

dyn  dynamic 

g normal  load  factor,  ft/sec2 

m mass,  slugs 

a angle  of  attack,  deg 

ft  angle  of  sideslip,  deg 

P density  of  air,  slug/ft^ 

4 delta 

A wing  sweep,  deg 
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lift  coefficient 

pitching  movent 

rolling  moment  coefficient 

yawing  moment  coefficient 

yawing  moment  coefficient  due  to  sideslip 

yawing  moment  coefficient  due  to  aileron 

rolling  moment  coefficient  due  to  sideslip 

rolling  moment  coefficient  due  to  aileron 

aileron  deflection,  deg 

rudder  deflection,  deg 

differential  horizontal  tail  deflection,  deg. 


The  stall/spin  problem  has  been  with  us  for  a long  time  and  is  one  of  the  last 
to  receive  a great  deal  of  attention.  Ever  since  the  Wright  Brothers  flew  their  first 
aircraft,  the  stall/spin  phenomenon  has  relentlessly  taken  its  tell  of  aircraft  and 
lives.  As  we  in  industry  expanded  the  boundaries  of  aircraft  performance,  we  also 
expanded  the  stall/spin  susceptibility  problem.  With  the  help  of  the  old  NACA  organiza- 
tion, much  work  was  accomplished  in  the  1930-1940  time  period  to  understand  the  stall/ 
spin  problem  and  how  to  design  aircraft  chat  were  not  so  susceptible  to  it. 

With  the  advent  of  the  jet  engine  and  the  concentration  of  large  quantities  of 
mass  and  inertia  along  the  centerline  of  the  aircraft,  a whole  new  set  of  stall/spin 
characteristics  emerged.  With  our  zeal  to  increase  the  aircraft  performance  through 
ever  expanding  performance  envelopes,  we  introduced  configurations  that  were  designed 
to  meet  performance  goals  only  (drag  and  maneuverability)  and,  therefore,  very  little 
attention  was  given  in  the  early  design  phase  to  assure  that  the  aircraft  had  good 
stall/spin  characteristics.  In  general,  the  aircraft  configurations  were  driven  mainly 
by  drag  considerations,  and  stall/spin  analysis  was  very  limited,  being  confined  mainly 
to  a determination  of  the  characteristics  of  the  configuration  already  being  built. 

Consequently,  most  of  the  U.S.  high-performance  aircraft  built  in  the  1950's  and 
1960's  demonstrated  less-than-desirable  stall/spin  characteristics.  This  is  evidenced 
in  the  fact  that  between  1966  and  1970  we  lost  approximately  225  military  aircraft,  which 
resulted  in  a material  loss  of  approximately  360  million  dollars  and  110  lives. 

DISCUSSION 

In  order  to  understand  the  current  stall/spin  problems,  one  must  first  try  to 
understand  how  we  got  where  we  are,  what  options  are  open  to  the  aircraft  design  team 
to  reduce  stall/spin  susceptibility,  and  what  are  the  current  methods  of  determining 
stall/spin  characteristics. 

How  We  Got  Where  We  Are 
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INTRODUCTION 


Up  to  the  late  1950's,  most  high- 
performance  aircraft  were  limited  to  sub- 
sonic speeds  and  were  designed  primarily 
for  air-to-air  combat.  This  meant  that 
they  had  relatively  low  wing  loadings, 
airfoils  designed  for  maneuver,  and 
moderate  sweep  angles  with  most  of  the 
aircraft  lift  carried  on  the  wings.  For 
this  type  of  aircraft  the  wing  generally 
stalled  before  an  angle  of  attack  at 
which  directional  stability  went  to  zero 
was  reached.  This  is  illustrated  in 
Figure  1.  For  this  type  of  aircraft, 
stall  was  characterized  by  the  classic 
"g"  break  with  the  nose  falling  through. 
To  get  these  types  of  aircraft  in  a spin, 
you  generally  had  to  really  want  to. 
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In  the  late  1950's  and  early  1960's,  the  age  of  the  missiles  and  sophisticated 
fire  control  systems  came  into  being  and  the  emphasis  in  air-to-air  combat  switched 
from  close-in  gun  firing  to  stand-off  missile  firing.  With  this  philosophy  driving  the 
aircraft  designs  and  the  tremendous  improvements  in  jet  engines,  aircraft  designs  were 
now  aimed  at  obtaining  high  maneuverability,  low  drag,  and  large  speed  envelopes.  This 
led  to  thin  wings  with  sharp  leading  edges  and  high  sweep  angles,  large  flat  fuselages 
that  continues  to  lift  after  the  wing  had  stalled,  and  large  horizontal  tails  to  obtain 
the  desired  supersonic  maneuverability.  With  the  advent  of  this  type  of  configuration, 
the  aircraft  could  be  maneuvered  to  higher  and  higher  angles  of  attack  in  the  subsonic 
flight  regime  since  more-than-adequate  horizontal  tail  power  was  available  as  a result 


We  now  encounter  the  type  of 
stall  most  representative  of  today's 
aircraft  - yaw  divergence.  No  longer 
was  the  classic  stall  with  its  "g" 
break  experienced;  a new  condition 
now  existed  in  which  the  aircraft 
continues  to  generace  lift  and  thus 
passes  the  angle  of  attack  at  which 
directional  stability  goes  to  zero. 
This  ?s  illustrated  in  Figure  2.  For 
this  type  of  configuration,  stall 
comes  very  suddenly  in  the  form  of 
uncommanded  yaw  and/or  roll  excursions 
and  usually  results  in  loss  of  control 
before  the  pilot  is  aware  of  it. 
Because  directional  stability  is 
already  zero  at  the  time  of  stall, 
the  aircraft  is  very  prone  to  enter 
a spin  unless  the  pilot  takes  immedi- 
ate and  correct  action. 

Also  during  the  late  1950's  and  early  1960's,  little  was  accomplished  in  the  way 
of  specification  changes,  development  of  analytical  prediction  methods  or  detailed 
criteria  for  stall/spin  prevention.  Most  of  what  was  accomplished  was  mainly  confined 
to  determining  the  characteristics  of  the  configurations  being  built.  As  a result  of 
the  above  philosophy  and  the  lack  of  specifications,  methods,  and  criteria,  most  U.S. 
high-performance  aircraft  designed  between  1950  and  1965  exhibited  less-than-desirable 
stall/spin  characteristics,  which  resulted  in  limiting  the  performance  of  the  aircraft. 
Today  we  still  have  no  specifications,  standard  analysis  methods,  or  detailed  criteria 
available  to  assure  that  an  aircraft  in  the  design  phase  will  have  acceptable  stall/spin 
characteristics. 

As  a result  of  the  past  three  major  world  conflicts,  in  which  air  power  played  a 
predominant  role,  it  became  quite  obvious  that  the  concept  of  stand-off  missile  battles 
only  has  given  way  to  close-in  air-to-air  dog  fights  with  both  guns  and  missiles.  Dur- 
ing this  time  it  also  became  obvious  that  the  stall/spin  characteristics  of  our  first- 
line  fighters  were  far  from  optimum  and  in  some  cases  actually  limited  maneuvering 
performance.  In  a fighter  aircraft,  stall-/spin-free  performance  to  at  least  the  maxi- 
mum usable  maneuvering  angle  of  attack  is  essential.  It  is  also  important  to  understand 
when  one  talks  about  performance  for  this  type  of  aircraft  that  handling  qualities  be 
included  rattier  than  just  drag  and  thr  it  to  weight.  It  does  no  good  for  a pilot  to  be 
able  to  pull  or  sustain  high  "g"  levels  and  not  be  able  to  track  well  enough  to  use  his 
gun. 


of  the  supersonic  maneuver  requirements. 
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FIB  2 RELATIONSHIP  BETWEEN  DIRECTIONAL  STABILITY  AND 
LIFT  COEFFICIENT  AS  A FUNCTION  OF  ANGLE  OF  ATTACK 


As  a result  of  the  rapid  growth  of  our  industry  and  our  failure  to  recognize 
that  the  missile  is  not  the  ultimate  weapon  that  would  send  the  air-to-air  dog  fight 
into  the  history  books,  we  arrived  in  the  late  1960's  at  a point  where  the  aircraft  loss 
rate  due  to  stall/spin  accidents  was  large.  It  was  during  this  time  that  both  industry 
and  various  U.S.  government  agencies  started  to  really  look  at  the  problem.  Symposiums 
were  organized,  study  contracts  were  let,  ad  hoc  committees  were  formed,  and,  most 
important  of  all,  requirements  for  good  stall/spin  characteristics  were  included  in  the 
requirements  for  new  aircraft.  These  new  requirements,  plus  the  work  done  by  government 
and  industry  specialists  in  pulling  together  the  available  evaluation  criteria  to  assist 
the  designer,  resulted  in  later  production  aircraft  like  the  F-14,  F-15,  and  F-16  possess 
ing  good  stall/spin  characteristics. 
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Some  of  the  current  evaluation  criteria  that  are  available  to  assist  the  aircraft 
designer  in  assessing  good  stall/spin  characteristics  are  presented  in  Figures  3 and  4. 
The  characteristics  indicating  good  spin  resistance  are  shown  in  Figure  3 and  those  indi- 
cating good  spin  recovery  characteristics  are  shown  in  Figure  4.  As  mentioned  above, 
these  data  represent  evaluation  criteria  only  and,  unfortunately,  do  not  give  the  design 
guidelines  necessary  to  assure  the  designer  that  he  is  obtaining  the  characteristics 
depicted  in  these  figures.  It  is  in  these  areas  of  establishing  new  specifications, 
design  guidelines,  and  analysis  methods  that  much  work  needs  to  be  done  to  ensure  that 
good  stall/spin  characteristics  are  obtained. 


FIG  3 CHARACTERISTICS  FOR  GOOD  SPIN  RESISTANCE 
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What  Options  Are  Open  To  The  Designer 

Now  that  we  have  looked  at  a bit  of  history  and  the  limited  evaluation  available 
for  assuring  that  good  stall/spin  characteristics  are  available,  let's  look  at  the 
options  open  to  the  aircraft  design  team.  The  term  "design  team"  is  used  here  because 
the  design  of  today's  aircraft  is  really  more  of  a team  effort  than  ever  before  because 
of  the  inclusion  of  more  flying  qualities  and  stall/spin  analysis  in  the  design  selec- 
tion process. 

The  first  basic  option  open  to  the  design  team  is  to  allow  the  aircraft  configura- 
tion to  be  driven  by  speed  and  maneuverability  considerations  only.  Although  speed  and 
maneuverabil? ty  are  paramount  in  any  design,  they  are  usually  achieved  by  compromising 
good  high-angle-of-attack  flying  qualities.  A traditional  fighter  design  approach  has 
been  to  concentrate  on  speed  and  maneuverability  at  the  expense  of  high-angle-of-attack 
qualities,  conduct  stall /spin  testing,  install  a stall  warning  device  in  the  aircraft, 
and  provide  appropriate  precautions  in  the  flight  handbook.  Continuing  stall/spin  losses 
testify  to  the  shortcomings  of  this  approach. 

Departure  prevention  can  be  designed  into  an  aircraft  in  a variety  of  ways.  For 
example,  a combination  of  limited  control  power  plus  high  basic  airframe  stability  can 
be  used  to  prevent  attainment  of  departure  angle  of  attack;  however,  maneuverability 
would  be  severely  compromised.  If  the  design  team  does  not  wish  to  compromise  maneuver- 
ability, it  could  supply  the  departure  resistance  through  high  basic  airframe  stability, 
which  would  result  in  a severe  performance  compromise.  If  the  design  team  docs  not  wish 
to  compromise  maneuverability  or  performance,  then  it  could  design  the  aircraft  with 
very  low  basic  airframe  stability  and  supply  the  required  departure  resistance  through 
the  control  system.  If  the  control  surfaces  are  designed  for  r.aximum  maneuverability 
and  performance,  that  is,  using  the  smallest  tail  size  that  will  meet  the  hlgh-q  maneuver 
requirements,  then  the  operating  envelope  of  the  aircraft  will  probably  be  compromised 
by  control  power  limiting  at  low-q  conditions. 

It  is  quite  obvious  that  there  has  to  be  a middle  ground  or  optimum  compromise 
that  will  allow  the  maximum  values  of  performance,  maneuverability,  and  operational 
flight  envelope  to  be  obtained.  But  what  is  the  magic  by  which  we  achieve  the  best 
compromise?  What  are  the  design  criteria?  The  one  suggested  is  really  very  simple;  it 
is  merely  to  design  the  aircraft  to  have  enough  basic  stability  to  provide  good  handling 
qualities  and  spin  resistance  over  the  operational  flight  envelope  and  up  ro  the  maximum 
useful  angle  of  attack,  and  then  use  the  fiight  control  system  to  prevent  excursions 
outside  this  envelope.  It  should  be  noted  that  toe  term  "maximum  useful  angle  of  attack" 
it  employed  in  this  suggestion.  To  understand  this  tern',  one  must  first  understand  what 
the  maximum  useful  angle  of  attack  for  a fighter  would  be. 

First,  since  turn  performance  is  one  of  the  main  indicators  of  fighter  perform- 
ance, the  relationship  between  turn  performance  and  angle  of  attack  must  be  understood. 

As  is  quite  obvious  to  everyone,  turn  performance  is  a function  of  both  speed  and  normal 
acceleration.  Further,  in  turning  flight,  speed  is  a function  of  drag  and  thrust-to- 
weight  ratio,  and  normal  acceleration  is  a function  of  wing  loading,  angle  of  attack, 
and  speed.  Therefore,  for  a given  configuration,  once  the  desired  wing  loading  and 
thrus t - to -we igh t ratio  have  been  established,  the  maximum  turning  capability  can  be 
determined.  Increased  turn  rate  can  be  obtained  in  maneuvering  flight  conditions  by 
increasing  load  factor  or  by  holding  load  factor  and  bleeding  off  speed  (energy).  In 
this  case  the  minimum  useful  speed  occurs  at  that  angle  of  attack  where  the  speed  is 
decreasing  faster  than  the  lift  is  increasing  and,  consequently,  both  normal  accelera- 
tion and  turn  rate  fall  off.  Increases  in  angle  of  attack  above  this  maximum  useful 
value  not  only  result  in  excessive  speed  loss,  which  further  reduces  turn  rate,  but  put 
the  aircraft  in  an  area  in  which  it  is  subject  to  loss  of  control.  Since  loss  of  control 
appears  to  have  very  little  tactical  usefulness,  increasing  angle  of  attack  beyond  the 
maximum  usable  value  puts  one  more  task  on  the  pilot  that  detracts  from  his  ability  to 
visually  track  his  opponent,  that  is,  monitoring  angle  of  attack. 

Using  the  control  system  to  limit  the  angle  of  attack  to  the  maximum  usable,  or 
slightly  above,  does  not  actually  limit  performance  but  tends  to  enhance  it  by  allowing 
the  pilot  complete  freedom  to  utilize  the  aircraft's  maximum  performance.  Moreover, 
using  the  control  system  to  limit  normel-load-factor  capability  or  sideslip  excursions 
tends  to  further  enhance  the  pilot's  freedom  to  maneuver  and  thus  to  utilize  the  air- 
craft's maximum  performance.  Since  most  modern-day  aircraft  have  their  maximum  turning 
performance  capabilities  at  angles  of  attack  below  30  degrees,  little  tactical  benefit 
would  be  obtained  by  developing  an  aircraft  that  can  exceed  these  angles  of  attack. 
Therefore,  it  appears  that  a good  design  compromise  is  to  provide  good  basic  stability 
up  to  the  maximum  usable  angle  of  attack  and  then  to  use  the  flight  control  system  to 
limit  excursions  in  all  axes  above  this  angle  of  attack. 
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Current  Methods  for  Determination  of  Stall/Spin  Characteristics 

Now  that  we  have  looked  at  how  the  stall/spin  problem  emerged  and  what  options 
are  open  to  the  design  team  to  assure  that  acceptable  stall/spin  characteristics  are 
achieved  in  a new  design,  let  us  look  at  the  various  methods  currently  available  to 
assess  stall/spin  characteristics. 

Vertical  Tunnel  Tests  - This  type  of  testing  is  generally  used  *-o  determine  the 
possible  spin  modes,  susceptibility,  and  predicted  recovery  controls  and  to  size  the 
spin  recovery  parachute  system.  It  is  generally  accomplished  by  hand  launching  a model 
in  a stalled  condition  in  a vertical  tunnel.  Experience  shows  that,  because  of  scaling, 
Reynolds  number  effects,  and  testing  techniques,  the  results  obtained  from  this  type  of 
testing  tend  to  be  pessimistic  and  are  difficult  to  extrapolate  to  full  scale.  Also, 
as  a result  of  the  testing  techniques,  no  information  can  be  obtained  regarding  entry 
and  post-stall  characteristics.  Therefore,  although  this  type  of  testing  is  very  useful, 
it  should  be  limited  to  prediction  of  possible  spin  modes  and  recovery  controls  and  to 
the  sizing  cf  recovery  parachute  systems. 

Free-Flight  Testing  - This  type  of  testing  is  generally  used  to  examine  an  air- 
craft's handling  qualities  up  to  stall.  It  is  normally  accomplished  by  remotely  flying 
a large-scale  model  attached  to  a safety  line  in  a large  tunnel.  Because  the  contr  1 
systems  for  these  tests  are  usually  limited  to  simple  rate  feedback  systems,  it  is 
difficult  to  simulate  an  active  control  system.  Experience  shows  that  this  type  of 
testing  is  very  useful  in  determining  the  stall  or  divergence  characteristics,  but  that 
the  ability  to  determine  stall  or  divergence  angle  of  attack  for  the  full-scale  aircraft 
is  very  questionable.  It  appears  that  as  a result  of  the  low  Reynolds  number  and  Mach 
number  at  which  the  testing  is  conducted  and  of  the  limited  simulation  of  the  basic  air- 
craft control  system,  the  results  of  this  type  of  testing  may  tend  to  be  either  conserva- 
tive or  optimistic,  with  no  way  of  knowing  which  of  the  two  were  obtained. 

Radio  Control  Model  Tests  - This  is  the  newest  and  probably  the  most  promising 
type  of  testing  available  to  determine  the  stall/spin  characteristics  of  a given  config- 
uration. This  type  of  testing  allows  examination  of  an  aircraft's  stall/spin  character- 
istics over  the  entire  angle  of  attack  range  and,  with  the  installation  of  high-speed 
computers  and  data  links  in  the  ground  station,  allows  simulation  of  the  most  sophisti- 
cated active  control  system.  In  this  type,  of  testing,  a large  model  is  air  launched  from 
either  a helicopter  or  an  aircraft,  and  tne  model's  flight  control  system  is  used  to 
maneuver  it  into  the  desired  manner.  The  becuty  of  this  type  of  testing  is  that  one  can 
safely  look  at  all  kinds  of  combinations  of  entry  conditions  and  gross  misapplications 
of  controls  to  determine  where  the  flight  test  effort  should  be  concentrated.  Another 
by-product  of  this  type  of  testing  is  that  with  the  limited  amount  of  instrumentation 
required  for  the  control  systems  and  for  just  flying  the  model  (a,  /3  , airspeed,  angular 
rates,  linear  accelerations,  and  surface  positions)  the  model's  aerodynamic  character- 
istics can  be  obtained  through  regression  techniques.  Thus  a data  bank  can  be  accumulated 
for  analytical  prediction  programs. 

The  advantages  of  this  type  of  testing  over  the  vertical  and  free-flight  testing 
techniques  are  obvious.  Not  only  does  it  provide  information  on  departure  characteristics, 
but  it  also  allows  examination  of  the  po^t-^tall  and  spin  susceptibility  characteristics. 
The  basic  drawback  is  the  low  Mach  and  Reynolds  number  conditions  at  which  the  data  are 
obtained  and  the  fact  that  this  type  of  testing  by  necessity  occurs  aft“r  the  configura- 
tion is  firm  and,  thus,  the  results  are  usually  used  simply  to  document  the  stall/spin 
characteristics  of  the  configuration. 

Flight  Test  - Flight  testing,  of  course,  is  the  best  way  to  determine  an  aircraft's 
stall/spin  characteristics.  Unfortunately,  up  until  the  late  1960's,  stall/spin  flight 
testing  consisted  mainly  of  attempting  to  satisfy  the  old  spin  specification,  MIL-S-25015. 
Flight  testing  against  this  spec  was  more  of  a test  of  endurance  than  anything  else.  To 
satisfy  the  spec  required  that  the  test  pilot  put  the  aircraft  into  a spin  at  a variety 
of  flight  conditions  and  loadings  and  allow  the  aircraft  to  complete  from  two  to  five 
turns  before  applying  spin  recovery  controls.  This  type  of  testing  not  only  put  the  air- 
craft in  danger  of  being  lost,  but  usually  resulted  in  big  expensive  spin  programs  that 
did  little  co  define  what  to  do  during  the  first  few  critical  seconds  after  control  was 

1 AC 


As  a result  of  the  large  numbers  of  aircraft  that  were  lost  in  the  late  1960's 
that  had  been  put  through  just  such  a spin  demonstration,  emphasis  was  shifted  from  pure 
spin  recovery  testing  to  stall  prevention  and  spin  susceptibility  determination.  As  a 
result  of  this  change  in  philosophy,  the  old  spin  specification  was  replaced  b>  a new 
one,  MIL-S-83691,  which  placed  the  emphasis  on  the  determination  of  stall/spin  prevention 
and  susceptibility.  Although  testing  an  aircraft  in  accordance  with  this  specification 
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improve  its  stall/spin  characteristics,  the  information  derived  from  this  type  of  test- 
ing is  extremely  useful  in  supplying  the  operational  pilot  with  the  necessary  informa- 
tion to  recover  from  a stall/spin  situation. 

The  main  drawback  to  this  new  specification  is  that  the  contractor  must  assume 
that  he  will  have  to  perform  all  phases  of  the  testing  required  and  bid  it  accordingly. 
Consequently,  the  cost  of  the  program  is  maximized. 

Force  Model  Testing  - This  type  of  testing  is  the  only  one  that  can  provide 
information  early  enough  to  affect  the  configuration  design  from  a stall/spin  standpoint. 
A good  set  of  low-speed  data  covering  the  desired  angle-of -attack  range  (0°  to  70°)  and 
sideslip  range  (-20°  to  +20°)  can  be  invaluable  in  assessing  the  stall/spin  susceptibil- 
ity of  a given  configuration.  It  is  also  very  useful  in  providing  the  necessary  guidance 
for  selecting  the  direction  the  configuration  should  be  driven. 

Even  though  this  type  of  da«-a  is  very  useful  in  evaluating  stall/spin  character- 
istics, the  data  obtained  at  angles  of  attack  between  30°  and  80°  is  very  dependent  on 
configuration  and  model  size.  An  exam  le  of  this  is  shown  in  Figures  5 and  C,  where  the 


FIG 5 VARIATION  OF  YAWING-MOMENT  COEFFICIENT  WITH 
ANGLE  OF  A TTACK  FOR  SEVERAL  AIRPLANES 


FIG  6 VARIATION  OF  YAWING-MOMENT  COEFFICIENT  WITH 
ANGLE  OF  A TTACK  FOR  SEVERAL  MODEL  SIZES 


variation  of  yawing-moment  coefficient  is  presented  for  various  nose  shapes  and  for  a 
given  nose  shape  with  model  size  as  a function  of  angle  of  attack.  It  is  not  known  at 
this  time  whether  these  variations  are  caused  by  Mach  number,  Reynolds  number,  or  other 
effects.  It  is  very  strongly  felt  that  a program  should  be  initiated  to  resolve  this 
dilemma. 


Analytical  Programs  - With  the  advent  of  high-speed  computers  wiuh  large  memory 
Storage  capability,  analytical  programs  have  become  a very  useful  tori  in  analyzing  the 
stall/spin  characteristics  of  a given  configuration.  One  cannot  only  obtain  a time 
history  of  a given  type  maneuver,  but  also  build  his  program  in  such  a manner  that  it 
will  take  time-history  traces  from  model  test  or  flight  test  and  allow  regression  tech- 
niques to  be  used  to  extract  the  aerodynamics  of  the  configuration'.  This  type  of  infor- 
mation, of  course,  is  usually  obtained  too  late  to  change  configuration  significantly, 
but  it  is  very  useful  in  determining  the  exact  stall/spin  characteristics  of  the  con- 
figuration. 

Unfortunately  the  analytical  program  is  no  better  than  its  date  and  therein  lies 
the  problen . Industry  and  government  must  establish  some  clear-cut  method  of  both  deter- 
mining and  evaluating  a given  aircraft  design's  stall/spin  characteristic  from  an 
analytical  basis. 

CONCLUSIONS 

Good  stall/spin  characteristics  can  be  designed  into  an  aircraft  if  these  re- 
quirements are  written  in  the  initial  requirements  for  a new  aircraft  and,  thus,  are 
allowed  to  drive  the  configuration.  This  fact  is  evidenced  by  the  good  stall/spin 
characteristics  of  the  last  three  major  fighter  aircraft,  the  F-14,  F-15,  and  F-16. 


»*  ,*T  in!r>".'>  '-' 


2-8 


The  design  approach  taken  to  provide  good  stall/spin  characteristics  can  compro- 
mise overall  performance  capability  if  the  control  system  is  not  used  as  an  integral 
part  of  the  aircraft  configuration.  Use  of  criteria  such  as  designing  the  basic  aircraft 
to  have  good  basic  stability  up  to  the  maximum  usable  angle  of  attack  and  using  the  con- 
trol system  to  limit  excursions  in  all  axis  above  this  angle  of  attack  appears  to  provide 
the  minimum  overall  performance  compromise. 

A proven  set  of  design  guidelines  or  prediction  techniques  is  not  available  today 
to  aid  the  design  team  in  putting  a configuration  together  that  will  have  acceptable 
stall/spin  characteristics.  In  general,  each  company  must  rely  on  its  past  experience 
and  the  expertise  of  its  specialists  and  then  go  to  the  wind  tunnel  and  check  out  the 
proposed  configuration. 

Extensive  work  in  the  areas  of  establishing  design  guidelines,  prediction  tech- 
niques, and  reliable  testing  techniques  needs  to  be  undertaken  and,  in  some  cases, 
continued  to  provide  industry  with  the  tools  necessary  to  provide  the  best  aircraft  at 
the  least  cost. 

RECOMMENDATION'. 

In  view  of  past  experience  with  stall/spin  characteristics  on  the  B-58,  F-lll, 
and  YF-16,  future  aircraft  should  be  designed  and  tested  as  follows: 

1.  Design  the  aircraft  to  have  good  closed-loop  or  natural  stability  and 
controllability  up  to  the  maximum  usable  angle  of  attack  and  use  the 
control  system  to  limit  excursions  in  all  axes  above  this  angle  of 
attack. 

2.  Conduct  sufficient  force  and  dynamic  wind  tunnel  tests  to  obtain  a good 
data  base.  Use  this  data  base  to  continually  examine  the  acceptability 
of  the  predicted  stall/spin  characteristics.  Compare  predicted  config- 
uration characteristics  against  current  evaluation  criteria. 

3.  Conduct  vertical  tunnel  testing  to  determine  possible  spin  modes, 
recovery  controls,  and  spin  recovery  chute  size. 

4.  Conduct  drop  model  and  limited  flight  tests  to  obtain  aerodynamic 
coefficients  to  update  the  data  bank. 

5.  Use  analytical  programs  with  updated  data  banks  and  drop  model  tests 
to  determine  critical  areas  where  an  aircraft  is  most  susceptible  to 
stall/post-stall/spin  entries  and  subsequently  demonstrate  these  areas 
during  flight  test. 
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3.  SOME  EUROPEAN  SPIN  EXPERIENCE 


3A.  COMPARISON  OF  THE  SPIN  AND  A LOW  INCIDENCE  AUTOROTATION  OF  THE 

JAGUAR  STRIKE  AIRCRAFr 

by 

R.J. Blarney,  8. Sc. 

Aeroplane  and  Armament  Experimental  Establishment 
Boscombe  Down,  Salisbury,  UK 


1.  INTRODUCTION 

From  the  extensive  flight  trials  which  were  carried  out  by  both  the  aircraft  manufacturer  and  official  agencies 
on  Jaguar  high  incidence  and  spin  behaviour,  a number  of  interesting  results  emerged.  In  a short  paper  it  is  only 
possible  to  present  one  aspect  and  I have  chosen  to  compare  the  classical  high  incidence  spin  mode  with  a rather 
less  common  low  incidence  autorotation  which  appeared  caring  Jaguar  evaluation  trials. 


2.  THF.  AIRCRAFT 

The  Jaguar  strike  aircraft  is  a two  engined,  high  winged,  low  altitude  combat  aircraft  which  can  weigh  between 
8000  and  15000  kg.  The  wing  area  is  25.2  m2  and  the  span  8.69  m.  Stores  are  carried  externally  and  the  centre  of 
gravity  shift  for  4000  kg  of  stores  is  from  16%  to  27%  SMC.  The  aircraft  has  an  all  moving  tailplane,  spoiler  plus 
differential  tail  roll  control  and  a conventional  rudder.  The  aircraft  is  fitted  with  autostabilizers  in  all  3 axes. 


3.  THE  SPIN 

During  the  test  programme  a large  number  of  classical  spins  were  deliberately  provoked  and  these  are  fully 
described  and  categorized  in  Reference  1 . Only  one  inadvertent  spin  is  known  to  have  occurred  during  development 
and  Service  use  by  RAF  and  FAF.  This  case  fell  into  the  general  pattern  described  below  and  the  aircraft  was 
recovered  safely. 


Spins  can  be,  in  general,  characterised  as  follows: 


Incidence  oscillating 
Sideslip  oscillating 
Roll  rate  oscillating 
Yaw  rate  oscillating 
Pitch  role  oscillating 
Normal  acceleration 
IAS 


— +30°  to  +80°  nose  up 
= ±50° 

= 1 150° /sec 

— 0 to  100°  /sec 

a 50° /sec  nose  up  to  80° /sec  nose  down 
^ 0 to  +2g 
< 180  kn 


Pilots  described  the  spin  as  disorientating  but  found  the  simple  recovery  drill  easy  to  apply  and  entirely  satisfactory. 
Figure  1 shows  a typical  spin. 


4.  THE  AUTOROTATION 


In  the  early  stages  of  the  project  a mild,  low  incidence,  stable  autorotation  was  demonstrated  on  spin  recovery 
and  recovery  from  loss  of  control  when  incidence  limits  were  being  established. 


A much  more  severe  autorotation  was  then  discovered  during  lift  boundary  definition  tests  at  high  incidence 
which  resulted  in  the  loss  of  an  aircraft.  This  autorotation  is  shown  in  Figure  2 and  was  described  by  the  pilot  as 
oscillatory  and  disorientating.  It  was  characterised  by: 


Incidence  oscillating 
Sideslip  oscillating 
Roll  rate 
Yaw  rate 
Pitch  rate 

Normal  acceleration 
IAS 


+ 5°  to  + 25°  nose  up 
±12°  (mean  value  +8°) 

* 200  to  250° /sec  (peak  3C07sec) 
a greater  than  20° /sec  (off  scale) 

^ 10°  to  15°/sec  nose  down 
0 to  6j  g (mean  - 3 g) 

400  kn 
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5.  THE  COMPARISON 
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S.l  Entry  Conditions 

Figure  3 (upper  insert)  shows  where  spin  entries  were  achievable.  Although  numerous  attempts  were  made 
outside  this  zone  using  normal  flying  techniques  the  aircraft  could  not  be  made  to  spin.  If,  after  control  was  lost, 
recovery  action  was  not  taken  and  the  aircraft  held  in  a pre  spin  condition  until  the  speed  reduced  to  values  inside 
the  shaded  area  then  the  aircraft  would  enter.  Even  so,  if  control  was  lost  in  the  shaded  area  and  recovery  action 
taken  immediately  the  aircraft  recoverc " more  often  than  not. 

The  low  incidence  autorotation  was  not  systematically  explored  in  the  same  way  as  the  spin  and  actual  test 
experience  is  limited  to  that  shown  in  the  lower  insert  of  Figure  3.  There  is  no  evidence  which  indicates  probable 
boundary  conditions  for  entry  nor  any  test  evidence  on  the  effects  of  relevant  variables  on  entry.  However,  the 
limited  evidence  available  backed  up  by  a comprehensive  mathematical  model  study  by  BAC  (Ref.2)  indicates  good 
correlation  between  tail  plane  position  and/or  movement  and  entry  into  autorotatior:.  All  entries  have  occurred  with 
the  stick  either  at  mid-position  (300  kn  trim)  or  forward  of  this  point.  The  model  (Ref.2)  confirmed  that  rapid 
forward  movement  of  the  stick  at  the  critical  point  during  onset  of  loss  of  control  was  likely  to  provoke  an  auto- 
rotative  motion.  It  was  also  shown  i:\at  in  the  case  described  in  paragraph  4,  the  rapid  forward  stick  movement  to 
the  forward  stop  was  a direct  cause  of  entry  in  this  particular  instance. 


5.2  Recovery 

A simple  and  effective  recovery  technique  has  been  demonstrated  for  the  Jaguar  strike  version.  This  technique, 
“release  the  controls”,  proved  successful  in  every  case. 

Recovery  from  autorotation  has  been  repeatedly  demonstrated  in  the  1 50  to  300  kn  region  by  a rearward  move- 
ment of  the  stick,  the  exact  amount  required  being  dependent  on  the  flight  condition  and  easily  judged  by  the  pilot 
at  the  time.  In  the  violently  oscillatory  autorotation  discussed  in  paragraph  4,  the  stick  was  held  forward  on  the 
forward  stop  throughout  the  descent  because  the  aircraft  was  thought  to  be  in  a spin.  The  theoretical  model  (Ref.2) 
showed  that  a rearward  movement  of  the  stick  to  the  trim  point  for  400  kn  IAS  would  have  calmed  the  autorotation, 
and  a further  aft  movement  of  the  stick  would  have  stopped  it. 


6.  CONCLUSIONS 

Two  distinct  oscillatory  motions  which  arise  from  loss  of  control  have  been  demonstrated  for  the  Jaguar  strike 
aircraft.  Satisfactory  recovery  techniques  have  been  developed  and  some  knowledge  of  the  conditions  under  which 
entry  can  occur  has  been  obtained. 

However,  several  questions  still  remain  - for  example 

(a)  Are  there  other  stable  oscillatory  modes  still  to  be  uncovered? 

(b)  Are  there  other  means  of  entry  in  to  the  known  modes? 

(c)  Is  sufficient  investigation  being  earned  out  on  future  projects  to  ensure  that  should  stable  spin  and  auto- 
rotation be  possible,  satisfactory  recovery  procedures,  as  is  the  case  with  Jaguar,  will  be  achievable? 

(d)  Is  sufficient  emphasis  being  put  upon  the  development  of  loss  of  control  prevention  devices  on  future 
projects? 

REFERENCES 
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Rolling  Accident. 
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Fig.  I Deliberate  spin  - clean  configuration.  (Test  43) 
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Fig.2  Jaguar  low  incidence  autorotation 
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A FEW  REMARKS  CONCERNING  SOME  STALL/SPIN  EXPERIENCE  IN  THE  NETHERLANDS 

by 

J . Hof stra 


Fortunately  I can  say  that  operational  spin  experience  is  very  limited  in  the  Netherlands , at  least 
over  the  last  15  years.  In  my  opinion  this  is  mainly  due  to  the  fact  that  the  aircraft  In  use  had  good 
stall  characteristics  and  resistance  to  spin  entries.  But  nevertheless  I would  like  to  mike  some  remarks 
about  the  stall  and  spin  problem, especially  as  it  is  encountered  during  air  combat  manoeuvring. 

In  the  past  it  has  been  proven  that  for  air  combat  the  spin  implies  a definite  disadvantage,  although 
I remember  stories  about  the  early  days  of  aviation  that  sometimes  this  manoeuvre  was  used  to  escape  from 
critical  situations.  Together  with  the  normal  warning  in  the  flight  handbook  that  intentional  spinning  is 
prohibited  we  can  safely  say,  that  we  do  not  want  to  enter  a spin  except  in  certain  training  aircraft, 
since  in  that  case  it  can  give  a pilot  some  spin  experience  which  in  my  opinion  is  very  useful. 

One  of  the  important  problems  is  how  to  stay  away  from  the  critical  stall/spin  area  and  still  use 
the  aircraft  to  its  limits  as  necessary  in  air  combat,  during  which  high  angles  of  attack  often  occur. 

It  is  well-known  that  in  air  combat  it  is  essential  to  keep  the  opponent  in  sight  all  the  time.  A short 

glance  in  the  cockpit  will  normally  give  eye  focus  problems  and  there  is  a fair  chance  you  have  lost 

sight  of  your  opponent  and  then  you  are  in  trouble.  So  if  you  fly  an  aircraft  where  you  have  to  monitor 
cockpit  instruments  frequently  this  will  be  to  your  disadvantage. 

To  illustrate  this  I would  like  to  compare  two  types  of  fighter  aircraft,  namely  the  Hawker  Hunter 
and  the  F-10UG  Starfighter.  This  comparison  will  of  course  be  limited  to  the  high  angle  of  attack  region 
because  as  far  as  other  potentials  are  concerned  the  aircraft  differ  by  about  a generation,  the  Hunter 
being  a typical  subsonic  fighter  and  the  Starfighter  being  a supersonic  one. 

From  about  1955  till  1965  the  Hunter  was  part  of  The  Netherlands  Air  Force  inventory.  Intentional 
spinning  was  prohibited.  During  manoeuvering  in  air  combat  the  pilot  could  look  outside  the  cockpit  almost 
continuously.  Especially  in  high  angle  of  attack  flight  the  aerodynamic  behaviour  of  the  aircraft  told  the 

pilot  to  what  e/tent  he  had  penetrated  the  stall  region.  If  too  far,  lost  control  could  quickly  be 

recovered  with  a minimum  loss  in  height  and  relative  position  to  the  opponent.  But  if  this  was  done  too 
roughly  the  odds  of  entering  a spin  were  increasing  and  personally  I know  of  two  occasions  where  the  spin 
fully  developed.  In  one  case  the  aircraft  recovered  at  lower  altitude  by  releasing  the  cor  trols  and  ir. 
the  other  by  normal  controls  when  the  selected  flaps  were  retructed  according  to  the  spin  ecovery  pro- 
cedures. 

The  Starfighter  is  an  aircraft  equipped  with  a stick  pusher  installation  to  prevent  the  development 
of  unstable  pitch  behaviour  at  high  angles  of  attack,  which  in  normally  followed  by  a tumble  and  a spin. 

To  prevent  inexpected  operation  of  the  stick  pusher  during  high  angle  of  attack  flight  in  air  ecmbat,  it 
vre  necessary  to  monitor  the  angle  of  attack  indicator  frequently.  This  monitoring  inside  the  cockpit 
combined  with  the  requirement  to  keep  the  opponent  in  sight  as  much  es  possible  was  a definite  disadvantage 
and  compared  unfavourably  with  the  Hawker  Hunter,  again  given  full  credit  to  the  other  potentials  of  the 
Starfighter. 

To  conclude  I would  wish: 

1.  somt  type  of  aerodynamic  stall  warning  which  intensifies  with  increasing  angle  of  attack,  so  that  the 
pilot  can  feel  how  far  he  is  in  the  stall  penetration, 

2.  the  possibility  of  a quick  recovery  with  minimum  heiglt  loss  once  the  aircraft  is  stalled, 

3.  high  resistance  against  spin  entries. 

However,  with  an  eye  on  the  rutuve,  I believe  that  the  possibilities  offered  by  the  lately  developed 
"fly  by  wire"  systems  with  computer  controlled  modification  of  pilot  inputs  form  an  even  better  solution. 

In  all  flight  conditions  these  systems  allow  the  pilot  to  utilize  the  full  instantaneous  capability  of  the 
aircraft  while  at  the  same  time  they  safeguard  against  stall  spin  and/or  overstress. 
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GERMAN  AIR  FORCE  OPERATIONAL  SPIN  EXPERIENCE 

D.  Thomas 
Testpilot 
Dornier  GmbH 
D 799  Friedrichshafen 
Germany 


SUMMARY 

This  paper  presents  the  operational  spin  experience  of  the  German  Air  Force  during 
the  last  20  years. 

The  G-91,  F-104  and  F4  flight  characteristics  at  high  angles  of  attack,  the  spin 
test  program  and  the  number  of  accidents  due  to  post  stall  gyrations  are  discussed. 

The  training  and  proficiency  program  concerning  spinning  of  aircraft  are  mentioned 
and  a proposal  of  modifications  is  made. 


1 INTRODUCTION 

x.'  this  paper  I will  discuss  only  the  Post  Stall  Problems  encountered  during  flight 
operations  by  the  German  Air  Force  (GAF)  since  its  new  start  in  1956. 

Naturally,  the  spin  experience  acquired  by  the  Luftwaffe  during  World  War  II  was 
quite  broad,  yet,  unfortunately,  nobody  has  ever  written  a report  on  this  subject. 

As  a test  pilot  I am  interested  not  only  in  the  spin  experience  of  all  flying 
services,  but  also  in  paragraph?  of  Military  Specifications  dealing  with  spin  prevention 
demonstrations  and  requirements  xor  airplanes. 

It  is  also  of  interest  to  know  for  each  typ  of  aircraft  actually  in  service  with 
the  GAF  what  typo  of  spin  Lest  program  was  "s-ricd  out  at  the  manufacturer's  as  well  as 
to  compare  the  results  with  the  operational  experience  acquired  until  now  by  the  Luft- 
waffe with  these  aircraft.  Naturally  a detailed  investigation  would  require  quite  an 
effort.  Maybe  one  of  the  big  research  organisations  would  be  willing  to  do  this  job  in 
the  future. 


2 AIRWORTHINESS  SPECIFICATIONS 

In  Germany,  in  the  pro-  ALPHA-JET  and  MRCA-  phase,  we  bought  all  our  jet  aircraft 
abroad.  The  FOUGA  MAGISTER  came  from  Franco,  the  FIAT  G-91  from  Italy,  an  all  other  trai- 
ning and  combat  jet  aircraft  were  bought  from  the  USA.  The  G-91  and  the  US  airplanes  had 
an  airworthiness  certificate  according  to  the  famos  MIL  SPEC's. 

These  Specifications  are  well  known  to  our  procurement  agency,  the  EWB-ML.  This 
authority  adopted  these  regulations  as  standard  requirements  for  all  questions  referring 
to  post  stall  and  spins.  (MIL  - S - 83691,  stall/post  - stall/spin  flight  test  demonstra- 
tion requirements  for  airplanes).  However,  an  except'on  was  recently  approved  for  the 


ALPHA- JET  which  has  to  comply  with  the  French  Air  Norms,  as  the  FOUGA  MAGISTER  already 


3 SPIN  TESTING  AND  FLYING  QUALITIES  AT  HIGH  ANGLES  OF  ATTACK  OF  PRESENT  LUFTWAFFE 
AIRCRAFT 

3.1  Training  aircraft 

As  far  as  I know,  all  jet  training  aircraft  at  the  Luftwaffe  have  been  thoroughly 
spin  tested. 

These  aircraft  were  at  the  beginning  the  FOUGA  MAGISTER  and  the  T-33. 

These  are  nov;  the  USAF  operated  but  GAF  owned  T-37  and  T-38. 

3.2  Combat  aircraft 

As  far  as  the  combat  aircraft  actually  in  service  are  concerned,  the  situation  is 
somewhat  worse. 


Of  this  aircraft  only  the  G-91  T model,  the  two  seat  version,  has  been  spin  tested 
by  the  manufacturer,  wnereas  the  single  seat  version  never  accomplished  any  official  spin 
test  flight. 

During  the  stall,  this  aircraft  has  no  tendency  to  enter  a spin  unless  forced  to  do 
so  by  the  pilot.  The  aircraft  can  be  flown  with  the  stick  full  aft  where  only  a pitch 
oscillation  and  a high  sink  rate  can  he  observed. 

F 104 

This  aircraft  was  spin  tested  in  the  initial  light  weight  configuration. 

There  was  no  further  spin  test  program  ud^ed  following  the  weight  increase  and  the 
change  of  the  weight  distribution  for  the  European  version,  nor  were  there  any  spin 
tests  carried  out  with  heavy  external  stores.  The  flying  qualities  of  the  aircraft  up  to 
stall  are  very  good  but  will  deteriorate  abruptly  in  the  post  stall  region.  The  aircraft 
has  therefore  a very  effective  stall  warning  and  preventing  system  (APC) . 


The  F 4 E has  gone  through  a very  extensive  spin  test  program  with  and  without  ex- 
ternal stores  and  even  with  asymetrical  loads. 


The  new  fighter  version  F 4 F now  also  in  GAF  service  is  equipped  with  leading  edge 
flaps  to  improve  the  handling  qualities  at  high  angles  of  attack. 

The  responsible  authorities  did  not  consider  this  as  a major  modification, 
necessitating  a new  spin  test  survey. 

In  general,  handling  qualities  of  the  F4  deteriorate  progressively  when  angle  of 
attack  is  increased.  As  the  aircraft  has  only  a passive  stall  warning  system  using  a 
warning  horn  and  a rudder  pedal  shaker,  the  GAF  is  watching  closely  how  the  fighter 
pilots  will  respect  the  aircraft  limitations  in  future  operation. 


4 OPERATIONAL  SPIN  EXPERIENCE 
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4.1  Spin  Training 

The  student  pilot  only  receives  spin  training  on  the  T-37  aircraft.  With  the  T-38 
and  combat  aircraft,  intentional  spins  are  not  allowed. 

4.2  Squadron  Experience 

When  a young  pilot  enters  a squadron,  his  last  spin  training  was  18  months  ago.  If 
such  a pl’ot  now  encounters  a spin  or  a post  stall  gyration,  he  may  get  easily  disorien- 
tated due  to  a lack  of  experience.  If  this  pilot  gets  out  of  the  trouble,  this  is  most 
probably  due  to  the  fact,  that  the  aircraft  recovered  itself  and  not  because  the"Tiger" 
stayed  calm  and  executed  the  prescribed  spin  recovery  procedure. 

Unfortunately  the  squadron  will  not  learn  from  this  pilots  spin  experience  be- 
cause it  must  be  considered,  that  before  entering  the  spin,  he  did  something  "off  limits" 
and  will  not  me.-.tion  anything  to  anybody. 

Even,  if  a pilot  returns  with  an  aircraft  heavily  overstressed  by  gyration,  the 
accident  investigator  will  have  troubles  in  finding  out  the  reasons,  because  the  pilot 
will  tell  him  everything  but  the  truth.  This  is  also  due  to  the  fact  that  in  Germany  a 
pilot  may  well  be  fined  a "not  too  small"  amount  of  money  should  the  investigation  board 
find  out  that  the  accident  was  caused  by  the  pilot  not  adhering  to  the  mission  or  flight 
order. 


4.3  Accident  Investigation 

"General  Flugsicherheit" , the  flight  safety  service  of  the  Bundeswehr,  registers 
all  spin  accidents  under  the  headline  "Loss  of  Control". 

As  this  subject  covers  a vast  variety  of  accidents  (ground  accidents  ir.  high  wind 
conditions  are  also  considered  as  a loss  of  control) , it  is  very  difficult  to  sort  out 
and  classify  separately  the  real  spin  or  post  stall  accidents. 

In  the  following  are  given  the  figures  of  accidents  that  could  be  clearly  identi- 
fied as  being  due  to  post  stall  gyrations: 

G-91 

Only  one  accident  was  identified  as  being  due  to  spinning.  As  the  aircraft  is 
operated  most  of  the  time  at  5oo  ft  AGL  with  35o  KIAS,  the  risk  of  stalls  or  spins  is 
small.  Should  it  happen,  it  will  be  very  difficult  for  the  investigator  to  find  out. 
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2,1%  of  the  total  accidents  were  due  to  post  stall  gyrations.  Most  of  these  acci- 
dent occured  when,  for  some  reason  or  other,  the  APC  system  was  not  operating. 

F 4 

The  accident  rate  of  this  aircraft  is  very  low.  The  RF  4 E like  the  G-91  is  mainly 
operated  in  low  level  with  little  risk  of  stalling.  The  risk  is  considerably  increased 
in  fighter  operations.  There  was  already  one  accident  where  the  pilot  exceeded  the 
operational  limits  of  the  aircraft  with  subsequent  loss  of  control. 
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5 INOFFICIAL  OPERATIONAL  SPIN  EXPERIENCE 

As  already  mentioned,  spins  are  not  allowed  in  normal  Air  Force  operations. 

Nevertheless,  it  is  known  that  several  pilots  have  encountered  spins,  but  their 
experiences  were  only  released  during  a Friday  beercall  after  11  p.m. 

As  for  che  F-104  pilots,  their  experience  always  sounds  as  follows:  "I  pulled 
hard  to  get  behind  him  and  suddenly  found  myself  in  a terribly  dix^rientating  maneuver. 

I don't  know  how  I made  it,  but  suddenly  the  gyration  stopped  and  I recovered  the  air- 
plane" . 

A very  interesting  report  from  a G-91  pilot  reads  ns  follows:  "I  am  guile  ex- 
perienced in  spinning  this  airplane,  I made  spins  on  the  single  and  two  soaters,  with 
and  without  external  tanks,  until  the  day  when  I made  my  first  spin  with  the  recently 
adopted  large  520  liters  external  tanks.  After  the  entry  I found  myself  in  a normal  spin, 
but  when  I tried  to  recover  after  5 revolutions  - nothing  happened.  I therefore  started 
"pumping"  the  elevator  fore  and  aft,  but  producing  only  a light  pitch  oscillation.  Then 
I shut  off  the  engine,  and  the  aircraft  recovered,  I found  myseif  3.ooo  ft  above  ground, 
terribly  excited  in  a quiet  sailplane" . 

So  much  for  this  pilot's  report.  As  he  is  not  on  the  incident  or  accident  list  of 
the  GAF,  it  is  quite  obvlou3  that  he  managed  to  restart  the  engine  and  to  complete  his 
mission  as  planned. 


6 CONCLUSION 

The  spin  experience  gained  by  the  German  Air  Force  during  the  last  20  years  is  a 
peacetime  operation  experience  where  the  aircraft  are  handled  mainly  under  the  aspect  of 
flight  safety.  Spin  experience  acquired  during  this  type  of  operation  is  very  limited  and 
of  no  use  for  aircraft  designers,  nor  as  a basis  of  discussion  for  airworthiness  consi- 
derations. 

If  a complete  picture  on  the  problems  encountered  in  this  field  is  wanced,  the 
operational  experience  of  nations  recently  engaged  in  actual  combat  operations  will  have 
to  be  analysed.  Only  during  such  operations  are  pilots  forced  to  fight  for  their  lives, 
and  only  under  these  circumstances  they  won't  care  anymore  about  respecting  aircraft  limi- 
tations. 

Precisely  this  fact  will  have  to  be  taken  into  consideration  by  the  aircraft  manu- 
facturers in  the  design  of  new  aircraft. 

To  prepare  the  crews  for  combat  situations,  the  operational  authorities  should 
provide  training  for  their  pilots,  even  in  peacetime,  such  as  to  teach  how  an  aircraft 
will  behave  when  the  normal  limits  are  exceeded,  especially  when  flying  in  the  pre-stall 
buffeting  region. 

Once  a year,  a spin  training  program  on  a jet  airplane  should  be  taken  into  consi- 
deration: An  a.'rcraft  on  which  this  can  be  done  will  be  the  Luftwaffe's  new  ALPHA-JET. 

If  this  should  not  be  possible,  the  minimum  requirement  must  be  a training  pro- 
gram even  on  a light  acrobatic  trainer,  which  shows  all  typical  spin  modes  including  in- 
verted spins.  This  aircraft  should  have  self  recovery  characteristics,  but  the  normal 
recovery  procedure  should  require  a positive  pilot  action. 
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SUMMAKI 


"Lightning"  spinning  history  is  reviewed  and  a comparison  is  made  of  the  character- 
istics as  shown  by  Vertical  Wind  Tunnel,  helicopter  drop  model  and  full  scale  flight  trials. 
The  comparison  in  made  in  terms  of  both  qualitative  interpretation  of  the  spin  and  recovery 
behaviour  and  measured  data. 

It  is  shown  that  the  three  types  of  tests  exhibited  good  qualitative  agreement  in  all 
important  respects.  Only  a limited  quantitative  comparison  is  possible  because  of  limitations 
of  the  measured  data  and  differences  between  the  test  techniques. 

The  test  results  are  related  to  Service  experience  and  soae  observations  sure  made 
about  che  interpretation  of  spinning  test  results  and  the  need  for  simplicity  in  pilot’s 
operating  notes. 


INTRODUCTICM 

The  Lightning  (Figure  l)  was  designed  in  the  early  1950's  as  a supersonic,  high 
altitude  interceptor.  A combination  of  high  thrust/weight  ratio,  in  the  region  of  1,  and 
moderate  wing  loading  - about  65  pounds  per  sq.foot  - conferred  outstanding  supersonic 
performance  in  acceleration  and  manoeuvre.  The  same  formula  has  since  become  fashionable 
for  air  superiority  fighters. 

Throughout  the  flight  development  of  the  early  Harks  the  main  emphasis  was  on 
supersonic  performance  and  handling,  with  comparatively  little  attention  devoted  to  subsonic, 
high  incidence,  manoeuvring  behaviour.  In  fact,  the  Lightning  entered  Squadron  Service  in 
I960  before  full  scale  stalling  and  spinning  trials  had  been  undertaken. 


TEST  EXPEKUMCE 


2.1. Helicopter  drop  models 

The  overall  spinning  history  of  the  Lightning  is  summarised  in  Figure  2. 

Fu’l  scale  stalling  and  spinning  trials  were  preceded  i,j  model  tests  using  1/8th  scale 
models  (Figure  J)  dropped  from  a holicoptcr.  The  modclo  sere  dropped  from  a height  of 
about  4,000ft  at  zero  forward  speed  with  pro-spin  controls.  After  a pre-set  time 
interval  the  tailplane  and  rudder  controls  were  moved  to  the  "recovery"  position  by 
means  of  spring-loaded  mechanisms  activated  by  a clockwork  timer.  After  a further 
time  interval  the  model  recovery  parachutes  were  deployed.  Model  behaviour  was 
photographed  by  ground  cameras  and  the  flight  path  and  attitudes  determined  by  kine- 
theodolite  records.  The  results  were  used  mainly  to  give  qualitative  information 
on  spin  and  recovery  characteristics,  that  is  spin  attitude,  steep  or  flat,  calm  or 
oscillatory,  recovery  or  no  recovery.  This  was  backed  up  by  limited  quantitative 
information  - time  per  turn,  rate  of  descent,  amplitude  of  oscillations  and  turns 
to  recover.  A typical  time  history,  fiom  kine-theodolite  measurements,  is  shown  in 
Figure  4.  A total  of  27  successful  modil  drops  using  4 models  was  made  in  tho  course 
of  testing  1-and  2-seat  variants  with  a variety  of  weapon  configurations. 


2. 2. Full  Scale  Tests 


In  accordance  with  O.K.  requirements  lor  fighter  aircraft,  to  cater  for  inadvertent 
spins  only,  full  scale  trials  were  confined  to  demonstration  of  recovery  from  stallo 
and  2-tum  spins  entered  in  both  straight  and  manoeuvring  flight.  All  tests  were 
monitored  from  the  ground  using  telemetry.  Special  cockpit  instrumentation  was 
provided  to  give  unambiguous  indications  of  spin  direction  and  attitude,  and  a snin 
recovery  parachute  was  carried  (but  never  used). 


Although  some  early  teste  in  the  prototype  PlA  configuration  had  been  Bade  in  the 
BA£  Bedford  vertical  wind  tunnel  these  results  were  not  used  to  provide  handling 
information  on  the  Lightning,  being  unrepresentative  in  fuselage  geoaetry  an>'  in 
aass  distribution. 


During  the  period  of  development  of  the  Lightning  Marks  1 to  5 (1957-63)  there  was 
no  spinning  tunnel  available  in  the  U.K.  and  all  nodel  spinning  tests  were  carried 
out  on  helicopter-drop  aodels.  The  sane  technique  was  used  to  test  the  Lightning 
Mark  6 configuration,  with  cambered  wing  leading  edges,  additional  ventral  fuel  and 
ventral  fins  (Figure  6).  Helicopter-drop  model  tests  revealed  nc  significant  differ- 
ences f’— i earlier  Marks  and  in  fact  the  Mark  6 entered  service  before  full  scale 
stalling  and  spinning  tests  had  been  made,  with  instructions  in  pilots  notes  regarding 
spin  and  recovery  identical  to  those  of  the  earlier  marks.  However,  during  the  early 
Service  history  of  the  Mark  6 some  inadvertent  spins  occurred;  the  pilot  descriptions 
of  these  suggested  a smoother,  slightly  flatter  and  faster  spin  than  earlier  Marks  with 
prolonged  recovery.  In  the  light  of  this  experience  and  because  of  favourable  impressions 
of  vertical  wind  tunnel  tests  formed  during  BAC  involvement  in  the  Jaguar  model  spinning 
tests,  a programme  of  vertical  wind  tunnel  test6  at  IMF  Lille,  U6ing  a Lightning  model 
was  undertaken.  This  preceded  full  scale  trials  on  the  Mark  6. 


The  Lille  programme,  using  a 1/24th  scale  model, was  divided  into  two  phases  : 


1.  Tests  in  the  Marks  1 and  4 configuration  to  establish  credibility  by  comparison 
with  full  scale  and  helicopter  drop  model  experience. 

2.  Tests  in  the  Mark  6 configuration 

The  same  model  was  used,  with  interchangeable  noses  (1-or  2-seat)  wing  leading  edges 
(plain  and  cambered)  ventral  tank  (250  or  600  gallon),  packs  and  fins. 

Features  of  the  Lightning  relevant  to  its  spinning  characteristics  are  : 

* A value  of  B/A  (I!flf/IXX)  in  the  region  of  5 or  6 

* Unswept  rudder,  unshielded  by  tailplane  wake  at  high  incidence 


* Unswept  ailerons 


Low-set  all-moving  tailplane 


Principal  differences  between  the  Marks  referred  to  are  listed  below. 
LIGHTNING  : PRINCIPAL  DIFFERENCES  BETWEEN  VARIANTS  TESTED 


Mark  1. 

Mark 

- 

Mark  6. 

Nose 

1-seat 

2-6eat 

1-seat 

Fin 

130* 

130* 

145* 

Ventral  tank 

250  gall 

250  gall 

600  gall 

Leading  edge 

Plain 

Plain 

Cambered 

Ailerons 

Horn-balanced 
i 8° 

Horn-balanced 
t 8° 

Plain  - 10° 

I 


t 
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3.  TEST  RSSOLTS 


3.1.  Interpretation  of  results 

In  comparing  the  results  of  the  two  types  of  model  tests  and  full  scale  tests, 
the  capabilities  and  limitations  of  the  three  types  of  testing  must  be  recognised. 

These  are  summarised  below  : 


Phase  of 
Spin 

Helicopter  drop 

Vertical  W.T. 

Full  Scale 

Entry 

Broadly  representative  of 
entries  in  straight  flight 
and  moderate  manoeuvres 

Not  representative 

Incipient 

Spin 

Representative 

Con  be  assessed  by 
observing  spin 
development  from 
launches  at  diff- 
erent combinations 
of  incidence  and 
rate  of  rotation 
but  gravity  terms 
are  incorrect. 

Developed 

Spin 

Not  tested  generally. 
Dp  to  6 turns  tested 
on  Mark  6 models. 

All  types  of  devel- 
oped spin,  which 
could  result  from 
any  type  of  entry 
can  be  assessed. 

Not  tested 
(No  require- 
ment.) 

Recovery 

(^"rot- 

ation 

ceased") 

Representative  of 
recovery  from  incipient 
spins. 

Representative  of 
recovery  from  all 
types  of  spins. 

Recovery 
from  2-turn 
spins  only. 

Poat- 

rocovery 

motions 

Hot  represented  (could 
be  done  with  extension 
of  model  techniques). 

Representative,  as 
far  as  motions  are 
contained  within 
the  tunnel. 

Overall  it  can  be  said  that  the  helicopter  drop  aodel  tests  and  full  scale  trials 
concentrated  on  the  incipient  spin,  whereas  the  vertical  wind  tunnel  yielded  inform- 
ation on  all  possible  types  of  developed  spin. 


3.2.  Qualitative  Comparison 

Qualitative  comparisons  of  the  salient  characteristics  of  the  spin  and  recovery 
are  made  in  the  following  tables. 

Fran  these  tables,  it  is  evident  that  both  helicopter  drop  and  vertical  wind  tunnel 
model  tests  showed  good  agreement,  in  most  significant  respects,  with  full  scale 
flight  results.  The  only  significant  differences  were  :- 

(i)  The  helicopter  drop  model  tests  on  the  Mc.6  failed  to  reveal  an  important 
difference  from  earlier  Marks  - the  tendency  to  remain  in  a persistent  spin 
over  a much  wider  range  of  control  positions  - hence  greater  importance  in 
applying  correct  recovery  control. 

(ii)  The  vertical  wind  tunnel  results  did  not  reveal  the  phase  difference  between 
roll  and  pi*xh  oscillations  between  Mks.  1 and  4,  observed  in  the  helicopter 
drop  and  full  scale  trials,  or  the  difference  in  optimum  tailplane  angles  for 
recovery.  However,  these  are  detailed  points. 
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3.3.  Quantitative  Comparison 

Because  of  difference.;  between  the  test  techniques  - control  positions,  duration 
of  spin  etc. , comparison  of  quantitative  test  results  is  difficult.  For  this  reason 
such  comparison  has  been  restricted  to  the  Hic.6  configuration  in  which  soae  more 
prolonged  spins  were  Bade  in  full  scale  and  with  helicopter  drop  models,  Hie 
quantitative  coaparison  is  shown  in  Figure  7. 

This  figure  shows  that  there  is  good  agreement  between  the  results  of  helicopter 
drop  model  and  vertical  wind  tunnel  tests  on  time  per  turn  of  spin  with  pro- 
spin controls.  With  controls  neutral  the  full  scale  results  agree  with  the  slow 
extreme  of  the  range  of  times  measured  in  the  vertical  wind  tunnel. 

Sates  of  descent  show  reasonable  agreement  from  all  types  of  tests. 

Pitch  attitudes  show  good  agreement  between  full  scale  and  helicopter  drop  models 
and  lie  within  the  range  of  values  corresponding  to  different  spins  in  the  vertical 
wind  tunnel.  Pitch  oscillations  measured  on  helicopter- drop  models  and  in  the 
vertical  wind  tunnel  were  similar.  The  full  scale  flight  spin  exhibited  oscillations 
in  both  pitch  and  roll  of  reduced  amplitude  compared  with  the  models,  being  close  to 
the  calm  spin  found  in  the  vertical  wind  tunnel. 


3.4.  Comparison  : Summary 

Overall,  the  resuJts  of  the  three  types  of  tests  showed  good  qualitative  agreement 
iii  all  important  respects.  Quantitative  results  also  agree  quite  well,  where  direct 
comparison  is  possible. 

Vertical  wind  tunnel  and  helicopter  drop  model  tests  are  considered  to  be  complementary 
rather  than  competitive.  The  VWT  can  be  used  to  investigate  a very  wide  range  of 
control  positions  and  configurations  within  a short  time.  Helicopter  model  tests  can  be 
used  to  investigate  spin  entry  and  recovery,  unconfined  by  tunnel  walls. 


4.  SERVICE  EXPERIENCE 


During  the  15  years  that  the  Lightning  has  been  in  Service,  there  have  been  a number 
of  reported  inadvertent  spins  in  service,  some  of  which  culminated  in  pilot  ejection. 

Hie  statistics  show  an  average  of  one  aircraft  lost  due  to  a spinning  accident,  per  60,000 
hours  flying  time  over  the  total  period  in  Service  with  the  RAF,  RSAF,  and  Kuwait  Air  Force. 

The  common  features  of  these  incidents  were  ; 

* Pilots  were  taken  completely  by  surprise)  spins  usually  occurred  while  - -ling 

a "head-up"  task,  e.g.  an  evasive  combat  manoeuvre  and  the  speed  bad  been  allowed 
to  decay  without  the  pilot  realising  it,  while  manoeuvring  beyond  the  sustained 
manoeuvre  boundary. 

* Lack  of  immediate  recognition  of  the  incipient  spin.  The  first  indication  to  the 
pilot  that  something  is  wrong  is  usually  lack  of  response  in  roll  or  rolling 
against  the  applied  aileron. 

* When  the  spin  is  recognised  and  recovery  control  applied,  the  pilot  is  usually 
surprised  by  the  long  time  to  respond  to  recovery  control. 

these  points  are  all  related  to  lack  of  recent  spinning  experience  by  operational  pilots. 
Many  of  them  had  not  spun  since  basic  training  days,  perhaps  5 or  10  years  be.fore.  the 
latter  point  is  particularly  noteworthy.  It  is  important  to  educate  operational  combat 
pilots  to  expect  a long  time  to  respond  to  controls.  Although  the  Lightning  recovers  quite 
quickly  (usually  within  10  seconds)  this  may  seem  an  age  compared  with  response  times  to 
control  in  normal  flight  (of  the  order  of  1 second).  In  particular  the  tendency  to  "try 
some  other  control  action  because  nothing  seems  to  be  happening"  must  be  resisted. 


5.  PILOT'S  INSTRPCTICHS 

Hie  most  imporant  outcome  of  <t  spinning  trial  is  the  advice  to  Service  pilots  or  : 

Spin  avoidance 

Spin  recognition 

Spin  recovery 

The  advice  aust  be  clear  and  irrelevant  information  excluded,  for  example,  although 
in  the  incipient  stage  of  a spin  it  is  meaningful  to  differentiate  between  roll  and  yaw, 
once  the  spin  has  developed  this  distinction  becomes  an  academic  one:  to  a pilot  who  is  not 
in  spinning  practice,  the  whole  world  seeas  to  be  rotating  and  the  axis  of  rotation  is  not 
easily  identified.  Even  to  talk  about  pitching  mo. "on  as  opposed  to  roll  and  yaw  can  be 
misleading  because  the  Service  pilot  tends  to  derive  notion  cues  from  attitude  changes; 
an  aeroplane  can  change  attitude  fron  "nose  high"  to  "nose  down"  by  yaw  or  by  pitch  and 
it  is  dangerous  to  translate  body  axis  motions  into  pilot  briefing  data  in  the  same 
terminology.  A further  point  concerns  the  distinction  between  "calm"  and  "oscillatory" 
spins.  In  the  incipient  stage  of  a spin  where  the  trajectory  is  changing  from  the 
horizontal  to  the  vertical,  large  apparent  changes  in  pitch  attitude  occur  once  per  turn 
even  when  the  -*ates  of  rotation,  in  body  axes,  sire  steady.  This  effect  is  illustrated  in 
Figure  8 and  in  the  accompanying  film. 

Subtle  changes  in  behaviour  such  as  may  occur  due  to  variation  in  mass  distribution 
with  fuel  usage  or  with  external  store  configuration  are  irrelevant  to  the  Service  pilot, 
and  should  be  excluded  from  operating  notes.  Statements  such  as  "with  underwing  pylons 
fitted  the  spin  is  less  oscillatory  and  recovery  time  is  prolonged  slightly"  may  be  inter- 
esting to  the  test  engineer  but  irrelevent  to  a Service  pilot  who,  we  hope,  will  spin  only 
once,  if  at  all,  in  his  operational  career  on  the  type  and  cannot  therefore,  relate  that 
experience  to  any  other  incident. 

A significant  revision  made  to  Lightning  Pilot's  notes  concerning  spin  recovery  at 
one  stage  in  its  Service  history  was  the  introduction  of  a "wait  and  see"  period  between 
initial  lo6s  of  control  and  application  of  recovery  controls.  On  recognising  loss  of 
control,  instead  of  immediately  trying  to  identify  the  motion  and  apply  appropriate 
control  actions,  the  pilot  is  instructed  to  : 

1.  Centralise  controls 

2.  Confirm  that  the  aircraft  is  spinning 

?.  Assess  direction  of  rotation 

**.  etc  (apply  recovery  controls/ 

It  is  believed  that  in  many  cases  the  action  of  centralising  the  controls  and 
allowing  the  natural  stability  of  the  aeroplane  time  to  have  effect  would  prevent  a 
spin  whereas  "fighting  the  motion"  might  well  provoke  a spin.  U.S.  experience,  reported  in 
the  19?1  WADC  Spin  Symposium,  reinforces  this  belief. 


6.  CCHCLUDING  REMARKS 

In  the  Lightning,  we  were  fortunate  to  have  an  aeroplane  with  docile  spin  and 
recovery  characteristics  on  which  to  learn  and  develop  the  test  techniques.  This  has 
stood  us  in  good  stead  for  lat  r projects.  Perhaps  the  most  important  lesson  learned 
is  that  no  single  test  technique  yields  casp.letely  comprehensive  or  entirely  credible 
results,  it  is  only  by  a combination  of  model  testing,  full  scale  flight  testing  and 
(on  later  projects)  analytical  techniques  that  a total  picture  of  the  spinning  behaviour 
can  be  built  up. 


ACKNCWLi2X2}iENT  is  made  to  the  test  pilots  anc  engineers  who  took  part  in  the  trials 
and  to  the  Staff  of  the  X.Jf.F.  Lille  for  their  careful  and  searching  investigations. 
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1.  SUMMARY 

Good  stall/post  stall  characteristics  are  required  for  a fighter  aircraft  in  order  to  fully  utilize  its 
potential  during  air  combat.  Prediction  of  these  characteristics,  prior  to  flight  test,  of  prototype  or 
first  production  aircraft  is  a difficult  problem  that  has  received  industry-wide  emphasis.  Because  of 
the  current  schedules  associated  with  free  flight  model  tests,  early  stall/post  stall  predictions  using  wind 
tunnel  data  and  computer  techniques  are  necessary  in  some  cases  to  avoid  possible  extreme  modifications 
to  production  aircraft. 

Methods  are  presented  for  predicting  departure  characteristics  of  aircraft  during  the  design  stages 
prior  to  model  or  flight  tests.  The  significance  of  longitudinal  pitching  moment  characteristics  with 
respect  to  sid  jslip  is  discusstxl  and  correlated  with  flight  test  data.  The  use  of  departure  parameters 
is  discussed  and  examples  are  presented  which  show  good  correlation  with  flight  test  results. 

A computer  graphics  display  of  the  aircraft  driven  by  actual  flight  test  data  has  proven  to  be  ex- 
tremely helpful  in  visualizing  complex  motions  of  an  aircraft.  In  particular  this  technique  shows  great 
promise  in  aiding  both  pilots  and  engineers  in  describing  disorienting  post  stall  gyrations  that  may  be 
encountered  during  stall/spin  flight  testing  of  an  aircraft.  A computer  graphics  display  available  for 
on-line  testing  would  contribute  substantially  to  safety  of  flight  during  spin  test  programs. 


2.  INTRODUCTION 

An  effective  air  combat  fighter  aircraft  must  be  sufficiently  free  of  adverse  flying  qualities  so  that 
the  pilot  can  concentrate  his  attention  on  his  opponent.  This  is  especially  true  in  the  high  angle-of -attack 
region  where  he  may  be  either  tracking  at  high  g's,  or  executing  extreme  evasive  maneuvers  in  a defen- 
sive posture. 

The  prediction  of  high  angle  of  attack  characteristics  prior  to  actual  flight  testing  is  difficult  and 
is  receiving  industry  wide  emphasis.  Because  of  the  relatively  long  lead  time  necessary  to  acquire  free- 
f light  model  data,  reliance  must  be  placed  on  determinations  employing  wind  tunnel  six  component  data 
and  computer  techniques.  The  undesirable  alternative  is  to  wait  for  flight  testing  to  disclose  problem 
areas  which  may  require  extensive  airframe  modifications  to  correct. 

Prediction  techniques  discussed  herein  can  illustrate  an  aircraft's  behavior  more  accurately  than 
inflight  experience  by  indicating  specific  regions  of  angle-of -attack  or  sideslip  where  instabilities  may 
occur.  For  example,  the  F-5E  flight  test  program  included  numerous  full  aft  stick  stalls  in  both  air- 
to-air  and  air-to-ground  configurations  and  no  departure  tendencies  were  exhibited.  In  spite  of  these 
extensive  flight  tests,  two  operational  aircraft  were  lost  in  spins.  Subsequently,  a thorough  flight  test 
investigation  v/aG  conducted  and  specific  guidelines  were  formulated  to  correlate  wind  tunnel  tests  with 
analytical  predictions  and  flight  test  results. 

Part  of  the  problem  of  high  angle -of -attack  stall/departure  prediction  arises  from  the  aerodynamic 
nonlinearities  with  both  angle-of -attack  and  sideslip.  These  aerodynamic  nonlinearities  arise  from  flow 
separation  and  formation  of  vortex  shedding  systems  both  from  the  wing  and  from  the  body.  Evidence  of 
the  latter  is  readily  available  in  examining  body  alone  and  wing-body  lateral-directional  wind  tunnel  data 
obtained  over  an  angle-of -attack  range  at  zero  sideslip. 

Further  difficulties  arise  during  the  testing  phase  in  attempting  to  visualize  the  complex  aircraft 
motions  in  the  stall  which  are  presented  to  the  engineering  analyst  by  means  of  time  histories  of  the 
angles,  rates  and  accelerations  obtained  from  an  instrumented  aircraft.  A real  breakthrough  in  this 
area  has  been  the  utilization  of  a computer  graphics  display,  which  includes  a three-dimensional  image 
of  the  aircraft,  and  which  can  translate  a complex  flight  test  time  history  into  an  immediately  recogniz- 
able mode  of  aircraft  motion.  An  on-line  computer  graphics  display  could  also  contribute  significantly 
to  flight  safety  by  giving  the  pilot,  who  may  have  been  disoriented  due  to  violent  aircraft  dynamics,  an 
accurate  description  of  the  motion. 
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It  is  the  intent  of  this  paper  to  present  the  methods  employed  at  Northrop  in  the  preflight  determin- 
ation of  high  angle -of -attack  handling  characteristics  and  the  steps  that  may  be  taken  to  deal  with  specific 
problems  during  the  aircraft  design  stage. 


3.  THE  MECHANISM  OF  DEPARTURE 
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As  an  aircraft  approaches  stall  conditions  the  aerodynamic  changes  produced  by  flow  breakdown 
over  the  wing  and  tail  result  in  degraded  stability  and  control  effectiveness.  It  is  the  extent  of  this  degra- 
dation which  determines  whether  the  aircraft  is  departure-prone  or  departure -resistant.  Use  of  controls 
to  prevent  departure  may  not  be  effective  because  both  aileron  and  rudder  effectiveness  are  greatly  re- 
duced in  the  stall  and,  in  addition,  adverse  yaw  characteristics  may  prohibit  the  use  of  the  aileron. 

If  the  aircraft  becomes  directionally  unstable  but  still  retains  a stable  dihedral  effect  of  sufficient 
magnitude,  its  .eparture  will  not  be  divergent.  When  both  directional  stability  and  dihedral  effect  become 
unstable,  then  any  disturbance  such  as  a gust  or  control  input  can  result  in  a departure.  The  departure 
may  be  self-terminating  or  it  may  result  in  subsequent  spin  entry.  Once  a departure  has  occurred,  an 
important  question  arises:  Is  there  any  restoring  tendency  which  will  impede  further  uncontrolled  excur- 
sions and  if  so,  how  is  it  manifested? 

If  the  aircraft  has  a pitch  down  at  the  stall,  or  if  the  longitudinal  control  retains  full  effectiveness, 
the  departure  may  be  terminated  through  reduction  in  angle  of  attack.  There  may  even  be  a restoring 
tendency  at  large  sideslip  angles  where  the  vertical  tail  emerges  l.om  the  wing-body  interference  field 
to  restore  both  directional  stability  and  dihedral  effect  of  sufficient  magnitude  to  attenuate  the  departure 
tendency.  This  effect  is  characteristic  of  the  F-5. 

Working  against  a self-reducing  angle  of  attack  can  be  a strong  nose-up  pitching  moment  at  the 
stall,  which  is  due  to  sideslip.  This  effect  has  been  seen  in  the  F-5  at  extreme  aft  c.  g.  's  and  i3  referred 
to  herein  as  sideslip/angle  of  attack  coupling.  It  can  be  insidious  because  the  pilot  usually  does  not  per- 
ceive the  increase  in  angle  of  attack  and  consequently  does  not  relax  stick  pressure  before  excessive  pitch 
attitudes  are  attained. 

When  increasing  angles  of  attack  and  sideslip  both  result  in  further  degradations  in  directional  sta- 
bility and  dihedral  effect  and  longitudinal  control  is  not  effective,  (or  is  not  applied!)  departure  and  sub- 
sequent spin  entry  are  highly  probable. 

It  is  well  to  mention  that  probably  one  of  the  more  important  considerations  in  determining  the  ex- 
tent of  uncontrolled  aircraft  motion  following  a departure  is  the  probability  of  pilot  disorientation.  If  he 
is  unable  to  visualize  what  the  aircraft  is  doing,  he  will  not  be  able  to  effectively  apply  controls  which  will 
arrest  the  motion. 


4.  WIND  TUNNEL  TESTING  TECHNIQUES 

Engineers  are  confronted  with  two  wind  tunnels:  The  small  one  on  the  ground  and  the  big  "tunnel" 
in  the  sky.  Without  a correlation  between  these  two  it  is  not  possible  to  accurately  predict  the  stall/spin 
characteristics  of  an  aircraft.  The  manner  in  which  wind  tunnel  data  is  interpreted  is  of  vital  concern  to 
the  accurate  prediction  of  aircraft  behavior.  Techniques  have  been  developed  to  prove  that  high  attitude 
wind  tunnel  data,  if  obtained  and  interpreted  correctly,  can  be  correlated  with  flight  test  results. 

It  is  recognized  that  the  vortices  originating  from  a pointed  slender  fuseinge  and  those  from  the 
wing  produce  very  significant  aerodynamic  effects  in  the  stall  region  and  beyond  (Reference  1,  for  exam- 
ple), One  important  point  is:  These  vortices  are  responsible  for  the  presence  of  rolling  and  yawing  mo- 
ments at  zero  sideslip  as  seen  in  Figure  1,  and  for  the  aerodynamic  hysteresis  effects  when  obtaining 
sideslip  data  at  constant  angle  of  attack  depicted  in  Figure  2, 

These  rolling  and  yawing  moments  were  once  considered  to  be  model  asymmetries  that  would  not 
be  present  on  the  full  scale  aircraft;  however,  this  has  since  been  disproven.  Interaction  of  the  fuselage 
vortices  and  those  shed  from  a wing  leading  edge  extension  strongly  influence  the  flow  over  the  wing  and 
tail  vicinities.  For  example,  the  F-5  fuselage  vortex  shedding  system  is  asymmetric.  The  relative  mo- 
tion of  the  vortex  system  when  the  aircraft  sideslips  is  unpredictable  in  the  angle  of  attack  region  from 
stall  (24  degrees)  to  about  30  degrees.  These  effects  appear  in  lateral  directional  wind  tunnel  model  force 
data  as  asymmetries  and  greatly  complicate  the  determination  of  both  sideslip  and  control  derivatives. 

At  higher  angles  of  attack  the  F-5  vortex  system  appends  to  be  unique  in  that  it  produces  a stable  direc- 
tional effect.  The  nose  vortex  pair  separate  on  the  down  wind  side  but  on  the  up  wind  side  they  provide  a 
strong  suction  force  on  the  nose  which  produces  a stabilizing  yawing  moment.  This  effect  was  explored 
during  F-5  tests  in  the  NASA  Langley  Wind  Tunnel  (Reference  2). 

In  determination  of  ti  e sideslip  derivatives  for  an  airplane  such  as  the  F-5  which  has  complex  vor- 
tex systems  it  is  important  to  select  the  m^st  representative  sideslip  angle  from  a departure  and  repeat- 
ability standpoint.  Consideration  should  be  given  to  the  aerodynamic  hysteresis  present  at  sideslip  angles 
from,  say,  2 to  5 degrees;  a typical  hysteresis  curve  is  sketched  in  Figure  2.  Because  of  these  effects, 
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FIGURE  1.  ZERO  BETA  DATA 
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FIGURE  2.  AERODYNAMIC  HYSTERESIS  IN  THE  STALL  REGION 
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different  wind  tunnel  runs  of  the  same  airplane  configuration  at  the  same  sideslip  angle  could  result  in 
different  values  for  stability  derivatives  at  the  stall,  depending  upon  the  manner  in  which  sideslip  is 
varied.  Consideration  should  also  be  given  to  the  apparently  less  critical  stability  effects  which  may 
occur  at  the  more  extreme  sideslip  angles  from  15  to  20  degrees,  as  presented  in  Figure  3.  At  these 
large  sideslip  angles,  as  the  vertical  tail  emerges  from  the  wake  of  the  wing/body  combination,  direc- 
tional stability  is  restored.  A kind  of  lateral/directional  stability  "wall"  exists  at  extreme  sideslip 
a:  :,t  .s  which  is  not  pertinent  to  the  aircraft's  initial  departure  characteristics;  however,  it  can  act  to 
mi'.’  a departure  self  terminating. 
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FIGURE  3.  EFFECTS  OF  SIDESLIP  ANGLE  ON  THE  SIDESLIP  COEFFICIENTS 


i The  wind  tunnel  technique  recommended  to  determine  static  sideslip  derivatives  is  to  select  the 

; appropriate  sideslip  angle  as  previously  discussed  and  make  pitch  runs  over  a wide  angle  of  attack  range, 

r It  is  important  that  small  angle-of-attack  increments  of  one  degree  or  less  be  scheduled  in  the  stall  region 

; in  order  to  obtain  the  true  stability  variations  with  angle  of  attack.  This  effect  is  presented  in  Figure  4 

\ which  shows  *he  misleading  result  of  testing  with  too  large  an  increment.  In  this  case  the  aircraft  is  in- 

dicated to  have  directional  stability  and  a stable  dihedral  effect.  With  smaller  incremen's  however,  there 
is  a large  range  of  directional  instability  and  the  dihedral  effect  actually  approaches  zero  at  the  stall, 
i 

. It  is  also  important  to  average  the  sideslip  derivatives  between  positive  and  negative  values  of  side- 
s' slip  as  presented  in  Figure  5.  It  is  evident  that  the  zero  sideslip  curve  is  not  reliable  as  a zero  reference 

l o«t?ause  it  lies  within  the  hysteresis  band.  The  zero  sideslip  values  should  be  utilized,  howevc  r,  as  forc- 

\ ing  functions  when  simulating  aircraft  dynamics  at  high  angle  of  attack;  especially  for  stall  investigations. 

I This  will  insure  that  the  lateral  directional  equations  are  disturbed  (in  the  same  manner  as  the  aircraft) 

without  inputs  from  rudder  or  aileron,  in  a six  degree-of-freedom  simulation. 
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FIGURE  4.  EFFECT  OF  ANGLE  OF  ATTACK  INCREMENTS 

The  determination  of  aileron  and  rudder  effectiveness  requires  a different  technique.  It  '$  evident 
from  Figure  6 that  curves  of  various  rudder  deflections  do  follow  the  same  variation  with  angle  of  attack 
as  the  zero  rudder  curve.  Therefore  the  zero  rudder  curve,  rather  than  the  value  of  zero,  should  be  used 
as  the  zero  rudder  deflection  data.  This  same  consideration  also  holds  true  for  determination  of  aileron 
effectiveness.  It  is  also  important  to  perform  the  pitch  runs  for  each  control  setting  (at  zero  sideslip) 
with  increasing  angle  of  attack  in  order  to  avoid  inconsistencies  due  to  hysteresis. 

If  the  curves  of  various  control  deflections  do  not  follow  the  zero  deflection  curve  it  may  be  neces- 
sary to  run  both  positive  and  negative  control  angles  and  average  the  results  in  the  same  manner  as  for 
the  sideslip  derivatives. 
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FIGURE  5.  DETERMINATION  OF  SIDESLIP  DERIVATIVES 
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FIGURE  6.  DETERMINATION  OF  CONTROL 
EFFECTIVENESS  AT  ZERO  SIDESLIP  ANGLE 


5.  AIRCRAFT  PREDICTION  PARAMETERS 

There  are  three  parameters  that  are  useful  in  predicting  aircraft  behavior  in  the  stall  region.  They 
are  all  determinable  from  basic  six  component  wind  tunnel  data  ard  have  pro"tn  to  be  effective  in  defining 
regions  where  the  aircraft  may  be  expected  to  experience  departure  ‘pudencies. 
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Directional  Departure  Parameter: 

This  parameter  is  generally  known  as  DYN,  and  has  been  used  successfully  to  predict  the  sus 

ceptibility  of  an  aircraft  to  directional  departure.  It  is  derived  from  the  open-loop  lateral  directional 
quartic  equation  and  represents  an  approximation  of  the  "C"  term.  Both  the  derivation  and  application 
of  this  parameter  are  presented  in  Reference  3 where  it  has  been  correlated  with  flight  results  of  17 
different  aircraft,  ten  of  which  included  more  than  one  aerodynamic  configuration.  A good  to  fair  cor- 
relation was  obtained  for  90  percent  of  the  cases  studied,  including  the  F-5A  aircraft.  The  F-5A  was 
the  only  one  to  indicate  no  departure  tendencies  in  both  mcdei  test  and  full  scale  flight  test,  as  well  as 
a positive  Cn^  DYN  value  to  the  maximum  angle  of  attack  tested,  32  degrees.  Possibly  the  poor  cor- 
relation obtained  on  some  of  the  aircraft  could  be  attributed  to  the  wind  tunnel  testing  techniques  em- 
ployed, i.e. , the  angle-of-attack  increment  may  have  been  too  large. 

The  expression  for  is  as  follows: 


Equaiion  1 


Where: 


^DYN 
C, 


C/ 


nP 

P 


W 


a 


I 

cn^DYN  = cnp  cos  a-~  Clff  sin  a 

directional  departure  parameter  ~ per  degree 
directional  stability  derivative  - body  axes 
dihedral  effect  derivative  ~ body  axes 

yaw  to  roll  moment  of  inertia  ratio 
aircraft  angle  of  attack  ~~  deg 


The  equation  for  this  parameter  may  also  be  derived  by  expressing  the  dimensional  stability  deriva 
tive  Nyj  in  stability  axis  and  converting  to  coefficient  form: 

cos  a — sin  a 

8 

Where:  = dimensional  directional  stability  derivative  expressed  in  stability  axis 

s 

Ng,  L p - dimensional  derivatives  based  on  body  axis 

In  this  form  it  is  obvious  to  see  that  Cn^DYN  represents  the  aircraft  dynamic  directional  stability 
with  respect  to  the  flight  path  rather  than  the  body  axis  system.  If  becomes  negative,  a yaw  de- 

parture is  possible.  If  it  remains  negative  over  a fairly  wide  range  of  angle  of  attack,  a yaw  departure 
is  highly  probable  when  the  aircraft  operates  in  that  region. 


It  is  evident  from  Equation  1 that  both  the  dihedral  effect,  Ct  and  the  inertia  ratio,  Iz/Ix,  can 


contribute  significantly  to  C^qyN'  w*th  a stable  dihedral  effect  the  dynamic  directional  stability  in- 


creases as  the  inertia  ratio  increases,  and  can  make  up  for  severe  deficiencies  in  directional  stability. 
The  opposite  effect  occurs,  however,  with  an  unstable  dihedral  effect.  Present  day  fighter  aircraft 
typically  have  higher  inertia  ratios  than  their  predecessors  as  a result  of  concentrating  weight  in  the 
fuselage  and  the  trend  toward  lower  aspect  ratio  wings.  This  effect  can  be  beneficial  from  the  standpoint 
of  departure  resistance  improvement  through  a stable  dihedral  effect.  It  can  also  be  highly  detrimental 
if  the  dihedral  effect  is  not  stable. 


Figure  7 presents  an  example  of  both  the  aerodynamic  and  inertia  effects  when  tip  mounted  missiles 
are  added  to  the  F-5  aircraft.  The  improvements  in  both  directional  stability  and  dihedral  effect  over- 
power the  counter  effect  of  a lower  inertia  ratio  and  the  net  result  is  an  increase  in  C„  pyjj  in  the  stall. 

Below  the  stall,  however,  the  decrease  in  inertia  ratio  is  predominant  and  the  aircraft  has  less  Cn  py^ 
with  tip  mounted  missiles.  ^ 


Although  Cn  dyn  predicts  where  departure  may  be  expected,  it  alone  does  not  differentiate  between 

P 

the  various  modes  of  motion  the  aircraft  may  encounter.  The  manner  in  which  an  aircraft  may  depart  and 
the  dependence  upon  the  individual  aerodynamic  effects  is  summed  up  in  Figure  8.  It  should  be  noted  that 
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these  data  are  based  on  F-5  aircraft  experience  and  represent  the  open-loop  lateral-directional  charac- 
teristics follow:ng  a stick  back  and  hold  maneuver  for  configurations  that  experienced  a negative  direc- 
tional stability  in  the  stall  region. 


ra 


FIGURE  7.  THE  EFFECTS  OF  ADDING  TIP-MOUNTED  MISSILES  TO  THE  F-SE 
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FIGURE  8.  AERODYNAMIC  EFFECTS  ON  OPEN-LOOP  LATERAL-DIRECTIONAL 
MODE  DEVELOPMENT 


For  a given  value  of  Cn^<  0 the  motion  of  the  aircraft  becomes  a function  of  C„^0yn*  **  ^n^DYN  is 

positive,  a bounded  wing  rock,  which  is  primarily  a Dutch  roll,  can  result.  With  the  value  of  C^dyn 

near  zero  or  slightly  negative  the  wing  rock  becomes  slowly  divergent.  Depending  on  the  time  spent  in 
thin  region,  and  the  valuo  of  dihedral  effect,  the  aircraft  motion  can  translate  to  either  a roll  or  a yaw 
divergence.  With  directional  stability  and  Cn^DYN  both  negative,  an  initial  yaw  develops  and  the  aircraft 

motion  will  again  depend  upon  dihedral  effect.  A yaw  divergence  can  occur  with  a low  dihedral  effect 
while  a rolling  divergence  can  be  expected  with  a high  dihedral  effect. 


T 
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Lateral  Control  Departure  Parameter: 


This  parameter  has  been  used  in  various  forms  for  different  uses.  It  is  developed  from  the  simpli- 
fied rolling  and  yawing  moment  equations  assuming  the  aircraft  to  be  laterally  and  directionally  trimmed. 
As  a lateral  control  departure  parameter,  LCDP  predicts  at  what  angle  of  attack  roll  reversal  is  expected 
to  occur  when  using  ailerons.  Reversal  In  this  sense  does  not  mean  aeroelastic  aileron  reversal,  but  that 
condition  where  the  rolling  moment  due  to  sideslip,  resulting  from  adverse  yaw,  overpowers  the  rolling 
moment  commanded  by  the  aileron.  To  the  pilot  this  condition  is  known  as  reverse  aileron  command  or 
roll  reversal. 


This  parameter  has  been  correlated  with  spin  entry  tendency  due  to  aileron  adverse  yaw  for  several 
fighter  aircraft  (Reference  4,  for  example,  where  it  is  referred  to  as  the  aileron  alone  divergence  param- 
eter, AADP).  The  expression  for  LCDP  also  contains  the  sideslip  derivatives  and  is  as  follows: 


Equation  2 


c% 

LCDP  = Cn  - tv—  C, 
nA  C, 


Where:  LCDP  = lateral  control  departure  parameter 

Ct  & Cn  are  the  aileron  rolling  moment  and  yawing  moment 
1 a 4 a derivatives  respectively 


Aileron  reversal  occurs  when  LCDP  becomes  negative.  Note  the  similarity  of  the  role  that  dihedral 
effect  plays  in  this  expression  relative  to  its  role  in  Cn^0y^.  It  again  acts  as  a "multiplier"  and  the 

benefit  or  detriment  in  this  case  depends  upon  the  sign  of  Cn<  . If  the  aircraft  has  adverse  yaw  due  to 

aileron  (Cn  is  negative),  then  a stable  dihedral  effect  (-Cl  ) will  have  an  adverse  effect.  The  opposite 

6n  ff 

is  true  if  the  aircraft  has  proverse  yaw.  If  the  aircraft  has  an  unstable  dihedral  effect,  then  the  com- 
bined effects  of  LCDP  and  Cn^DYN  will  determine  the  type  of  departure  following  an  aileron  input. 

The  effect  of  rudder  inputs  can  also  be  included  in  LCDP  such  as  would  be  present  with  an  aileron 
rudder  interconnect  or  during  a pilot  coordinated  rolling  maneuver.  This  expression  is  similar  to  Equa- 
tion 2 but  introduces  the  rudder  derivatives: 


Equation  3 


LCDP 


+ KC„  1 
4r 

+ KC 

t 

r 


Where: 


are  the  rudder  yawing  and  foiling  moment  derivatives  respectively 
and  K represents  the  ratio  of  rudder  to  aileron 


It  can  be  readily  seen  that  K is  the  determining  factor  because  Cn  is  typically  small  relative  to 

«a 

KCn|r.  A negative  value  of  K (right  rudder  with  right  stick)  is  of  course  required  to  counter  the  effects 
of  adverse  yaw,  or  to  augment  the  roll  performance,  through  a stable  dihedral  effect. 


Figure  9 shows  the  variation  of  LCDP  with 
angle  of  attack  for  aileron  alone  for  the  F-5F  with 
and  without  centerline  tank.  It  is  noted  that  little 
roll  response  from  aileron  should  be  expected  in 
the  region  from  18  to  23. 5 degrees  angle  of  attack 
for  the  centerline  tank  configuration. 

A portion  of  the  time  history  of  a lg  stall  is 
presented  in  Figure  10  for  this  same  configuration 
and  shows  no  roll  response  at  an  angle  of  attack  of 
22  to  23  degrees  even  though  the  pilot  is  command- 
ing 40  der,ees  of  aileron.  The  sideslip  due  to  ad- 
verse yaw  is  overpowering  the  ailerons  in  this 
case,  as  predicted  by  Figure  9.  Roll  control  can 
still  be  achieved  with  rudder,  however,  through 
the  stable  dihedral  effect. 

Sideslip/Angle  of  Attack  Co  ollng  Parameter: 


FIGURE  9.  LATERAL  CONTROL  DEPARTURE 
PARAMETER  VS  ANGLE  OF  ATTACK, 

F-6F  WITH  MISSILES 


This  parameter  is  the  single  aerodynamic  derivative  which  indicates  lateral-directional  to  longitud- 
inal coupling  (pitching  moment  due  to  sideslip).  This  phenomenon  has  been  observed  durirg  flight  test  of 
an  F-5E  in  performing  full  back  stick  stalls  at  the  aft  c.  g.  limit.  An  intentional  use  of  this  effect 
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(+Cm|0|)  war,  evidenced  when  the  F-5A  went  into  service.  Operational  pilots  reported  they  would  walk  the 

rudder  pedals  in  a low  speed,  high  attitude  maneuver  in  order  to  hold  the  nose  up  for  a longer  period  of 
time.  The  variation  of  Cmi.i  with  a for  a typical  configuration  tested  in  the  wind  tunnel  is  shown  in 
Figure  11.  'p' 


40  NS 


22°  TO  24° 


PCM  TIME  - SEC 

FIGURE  10.  TIME  HISTORY  OF  AN  AILERON 
INPUT  DURING  A 1 G STALL,  F-5F  8891,  FLT  78 


FIGURE  11.  VARIATION  IN  PITCHING  MOMENT 
DUE  TO  SIDESLIP  WITH  ANGLE  OF  ATTACK 


6.  COMPUTER  GRAPHICS 

Aircraft  motions  in  the  post  stall  region  are  sometimes  aperiodic  and  usually  quite  complex.  In 
order  for  an  engineer  to  develop  a thorough  understanding  of  the  mechanism  of  a departure  from  con- 
trolled flight  and  the  qualitative  difference  in  stall  behavior  between,  for  instance,  a configuration  which 
exhibits  heavy  wing  rock  prior  to  a rolling  departure  and  one  which  departs  initially  in  yaw,  he  must  be 
able  to  accurately  visualize  the  aircraft  motion  in  3 dimensions.  Time  histories  of  aircraft  parameters 
provide  all  the  necessary  information  for  the  engineer,  but  the  process  of  integrating  three  angles  and 
three  velocities  over  a particular  time  span  during  a complex  post  stall  gyration  is  more  than  most  engi- 
neers can  manage.  Also,  analyzing  time  histories  of  departures  provides  an  engineer  with  very  little 
feeling  for  the  rate  at  which  an  uncontrolled  motion  develops  or  of  the  severity  of  the  gyrations. 

A method  has  been  developed  at  Northrop  using  a small  computer  and  an  interactive  CRT  which 
provides  the  engineer  with  a visualization  of  a maneuver  similar  to  that  which  he  would  receive  had  he 
been  in  a chase  aircraft,  perfectly  located  with  respect  to  the  test  aircraft,  while  the  actual  maneuver 
took  place.  In  fact,  the  perspective  provided  is  considerably  better  than  a chaso  p lot  could  provide: 
with  the  computer  graphics  display  the  maneuver  can  be  replayed  in  real  time  or  slower;  the  position  of 
the  test  aircraft  controls  is  known:  the  viewer's  vantage  point  may  be  relocated  to  ary  point  in  space,  and 
flight  test  data  such  as  airspeed,  angle  of  attack  and  sideslip  may  be  monitored.  \ 

A sketch  of  a typical  computer  graphics  display  is  shown  in  Figure  12.  The  basty  theory  of  the 
method  is  very  straightforward.  First,  a three-dimensional  line  drawing  of  the  subject  aircraft  is 
constructed  in  the  computer  memory.  This  line  drawing  can  be  as  simple  or  as  complex  as  desired, 
ranging  from  a basic  delta  wing  and  vertical  tail  up  to  a multiline  wire  drawing  limited  irLcomplexity  only 
by  the  size  of  computer  memory.  This  line  drawing  is  then  oriented  in  space  according  td.the  direction 
cosine  matrix  formulated  from  aircraft  Euler  angles  o,  6 and  <1  as  determined  from  actual  flight  test 
data.  This  rotated  three-dimensional  line  drawing  is  then  displayed  in  two  dimensions  on  a Cathode  Ray 
Tube.  The  image  is  updated  at  every  flight  test  data  point  to  give  the  drawings  time  dependent  motion. 
Sample  rates  as  high  as  134  times  per  second  and  as  low  as  20  times  per  second  have  provided  smooth 
representations  of  even  the  most  violent  departures. 
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The  computer  graphics  display  has 
been  used  to  date  with  a great  deal  of  suc- 
cess in  the  post  flight  analysis  of  maneu- 
vers. The  accurate  visualization  of  such 
maneuvers  as  inverted  pitch  hangup  (IPH), 
post  stall  gyrations  (PSG),  snap  roll  de- 
partures from  windup  turns  and  spinning 
motion  has  been  greatly  aided  by  this 
method.  However,  several  extensions  of 
the  method  have  been  proposed  and  are 
being  implemented  at  the  present  time. 

In  its  present  configuration,  the  time  de- 
lay between  the  performance  of  a parti- 
cularly interesting  maneuver  and  the  view- 
ing of  that  maneuver  by  the  engineer  using 
computer  graphics  is  approximately  48 
hours.  An  order  of  magnitude  increase  in 
the  usefulness  of  the  computer  graphics 
would  be  effected  if  this  time  period  could 
be  reduced  to  a matter  of  minutes,  or  even 
seconds;  i.  e. , near-real  time. 


FIGURE  12.  COMPUTER  GRAPHICS  DISPLAY 

The  nature  of  certain  flight  test  programs,  for  example  a post  stall  or  a spin  investigation,  ie  such 
that  out  of  control  or  spin  boundaries  are  approached  in  careful  steps.  If  a thorough  understanding  of  a 
test  point  is  grasped  quickly,  a decision  to  move  to  the  next  point  closer  to  the  boundary  can  be  made  with 
confidence  and  dispatch.  In  this  way,  it  is  felt  that  the  overall  efficiency  and  safety  of  the  test  program 
would  be  enhanced  by  the  near  real  time  implementation  of  the  computer  graphics  display. 


7.  F-5  FLIGHT  TEST  EXPERIENCE  AND  CORRELATION  WITH  PREDICTIONS 

This  section  describes  the  way  in  which  the  prediction  techniques,  correlation  parameters  and 
maneuver  visualization  methods  previously  discussed  have  been  applied  to  the  F-5E  and  F-5F  aircraft. 

The  T-38  and  F-5A/B  series  of  aircraft  have  historically  been  very  resistant  to  departure  from 
controlled  flight.  The  F-5E  differs  very  subtly  from  these  early  aircraft  and  therefore  is  also  expected 
to  be  similarly  free  from  departure  tendencies.  (A  three-view  of  the  F-5A  and  the  F-5E  is  presented  in 
Figure  13  and  shows  the  high  degree  of  similarity. ) This  expectation  was  initially  verified  by  several 
nundred  1 "g"  and  accelerated  stalls  performed  during  the  developmental  flight  testing  of  the  aircraft 
‘aring  which  no  departures  were  noted.  After  the  major  portion  of  the  F-5E  flight  test  program  was 
i mpleted,  two  operational  aircraft  were  lost  in  spins.  Both  aircraft  were  performing  full  aft  stick  one  g 
stalls  at  an  aft  center  of  gravity.  This  precipitated  an  investigation  employing  analytical,  wind  tunnel  and 
flight  test  efforts  in  order  to  reassess  the  high  angle-of-attack  handling  qualities  of  the  aircraft. 


FIGURE  11  F-6A  AND  F-6E  CONFIGURATION  COMPARISON 


S-IO 


Flight  tests  conducted  on  an  F-5E  performing  lg  stalls  at  an  aft  center  of  gravity  indicated  a strong 
sideslip/angie  of  attack  coupling  effect.  A typical  time  history  is  presented  in  Figure  14.  This  coupling 
effect  was  minimized  by  reducing  the  maximum  horizontal  tail  deflection  from  -20  to  -17  degree1:  as 
shown  in  Figure  15. 


The  reduction  in  maximum  angle  of  attack 
attained  during  full  aft  stick  lg  stalls  with  the 
limited  tail  authority,  as  opposed  to  the  original 
tail  authority,  is  shown  in  Figure  16.  It  should  be 
noted  that  these  curves  represent  peak  values  and 
include  dynamic  overshoot. 

As  so  often  happens,  the  solution  to  one  prob- 
lem provided  access  to  another.  Limiting  the 
angle  of  attack  through  reduced  tail  authority  re- 
sulted in  the  aircraft  encountering  a more  unfavor- 
able region  with  respect  to  departure  when  per- 
forming full  aft  stick  stalls.  This  fact  was  not  evi- 
dent at  the  time,  but  it  was  clearly  demonstrated 
in  flight  as  will  be  shown. 

It  was  common  knowledge  that  when  C„^dyn 

was  positive  the  aircraft  would  be  departure-free 
and  if  negative  would  be  departure-prone.  What 
was  not  known  was  the  effect  of  a local  instability 
such  as  depicted  in  Figure  17, 

The  F-5E  with  a centerline  store  and  limited 
tail  authority  encountered  several  snap  rolls  out  of 
accelerated  stalls,  with  maneuver  flaps  retracted 
below  300  KCAS.  During  this  came  period  the 
F-5F  experienced  an  abrupt  nose  slice  during  a lg 
stall.  This  incident  also  was  with  the  centerline 
tank  configuration. 


FIGURE  14.  EXAMPLE  OF  SIDESLIP/ANGLE-OF- 
ATTACK  COUPLING 


MAXIMUM  ANGLE  OF  ATTACK 
FOR  HORIZONTAL  TAIL  ANGLES  Of 


FIGURE  15.  EFFECT  OF  LIMITING  TAIL 
AUTHORITY  ON  SIDESLIP/ANGLE-OF-ATTACK 
COUPLING  PARAMETER 


FIGURE  16.  EFFECT  OF  LIMITING  TAIL  AUTHORITY  ON 
MAXIMUM  ANGLE  OF  ATTACK 


The  departure  parameter,  Cn^uy^,  for  the  F-5E  presented  in  Figure  18  shows  a neutral  stability 

in  the  stall  for  the  clean  aircraft  and  a locally  unstable  region  for  the  centerline  tank  configuration.  The 
F-5F  departure  parameter  indicates  an  even  more  severe  local  instability  as  presented  in  Figure  19. 

The  maneuvering  flaps  are  shown  to  have  a strong  stabilizing  effect  as  also  seen  in  Figure  19. 

At  this  point,  a definitive  correlation  of  flight  test  results  with  the  departure  parameter  Cn^^y jg 

was  accomplished.  On  the  basis  of  Figure  19  it  was  predicted  that  a nose  slice  tendency  could  also  be 
expected  with  the  F-5E  with  flaps  up  and  centerline  store  during  a lg  stall.  Review  of  previous  lg  stall 
data  did  not  reveal  this  tendency  with  the  F-5E  because  the  pilot  pulled  through  this  area  due  to  the 
greater  tail  authority.  A flight  test  of  the  centerline  tank  configuration  was  repeated  where  the  pilot  very 
carefully  stabilized  in  the  critical  angle-of-attack  region,  and  the  P'-5F.  did  indeed  exhibit  the  departure 
tendency  predicted. 
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Referring  again  to  limiting  of  the  angle  of  attack  through  reduced  tail  authority  for  the  F-5E,  the 
effect  was  to  lower  the  maximum  lg  trimmed  angle  of  attack  attainable  during  a slow  approach  to  the 
stall,  and  consequently,  a longer  exposure  in  the  departure  prone  region  as  shown  in  Figure  20. 


FIGURE  17.  DEPARTURE  PARAMETER  LOCAL 
INSTABILITY 


FIGURE  18.  EFFECT  OF  CENTERLINE  TANK  ON 
F-6E  DEPARTURE  PARAMETER  (MISSILES) 


FIGURE  19.  COMPARISON  OF  F-SE  AND  F-SF 
DEPARTURE  PARAMETER 
(CENTERLINE  TANK  AND  MISSILES) 


FIGURE  20.  EFFECT  OF  LIMITING  TAIL  AUTHORITY 
ON  NOMINAL  ANGLE  OF  ATTACK  F-5E  WITH 
CENTERLINE  TANK  AND  MISSILES 


Utilizing  C^dyn  88  tlie  Primary  departure  criterion,  complete  correlation  was  obtained  between 
flight  and  wind  tunnel  data,  establishing  the  following  departure  trends: 


1.  F-5F  departure  tendencies  were  more  severe  and  more  repeatable  than  those  of  the  F-5E. 

2.  The  centerline  stores  configured  aircraft  with  flaps  up,  both  "E"  and  "F",  displayed  the  most  severe 
departures. 

3.  Maneuver  flaps  had  a large  stabilizing  effect;  no  departures  were  noted  with  maneuvering  flaps  down 
on  the  F-5E  and  only  random  departures  on  the  F-5F. 

4.  Outboard  stores,  pylons  and  landing  gear  all  showed  a stabilizing  effect. 

5.  Horizontal  tail  deflection  trailing  edge  up  is  destabilizing. 

Wind  tunnel  testing  was  continued  for  the  purpose  of  defining  modifications  which  would  improve  the 
aircraft  handling  qualities  by  increasing  C^dyn  *n  stall.  A large  number  of  configuration  modifica- 
tions were  tested  and  included  the  following,  nose  shape  modifications,  nose  strakes,  ventral  fins,  dor- 
sal fins,  larger  vertical  tail,  wing  fences,  wing  LEX  shape  changes,  incidence  changes,  wing  leading 
edge  snags,  wing  vortex  generators,  inlet  duct  modifications  and  various  combinations  of  the  above.  In 
addition,  the  effect  of  various  store  loadings  and  configuration  changes  such  as  flaps  and  gear  were  fur- 
ther investigated. 

The  results  of  the  wind  tunnel  investigation  uncovered  only  a few  modifications  to  the  aircraft  which 
produced  favorable  changes  in  the  lateral/directional  stability  characteristics.  Those  modifications 
which  provided  sizeable  improvements  in  lateral/directional  stability  without  causing  a reduction  in 
Clmax  or  3,1  ^crease  in  nose-up  pitching  moment  due  to  sideslip  could  be  grouped  into  two  major  areas 

somewhat  independent  of  each  other.  Modifications  to  the  fuselage  or  engine  inlet  duct  were  mostly  in- 
effective but  when  improvements  were  seen,  they  were  mainly  slight  improvements  in  directional  stability 
(Cn  ).  Modifications  to  the  wing  planform  outboard  of  the  wing  LEX  were  effective  mainly  in  improving 

dihedral  effect  (C^ ),  and  the  larger  increments  in  dynamic  stability  were  obtained  here. 
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Significant  directional  stability  improvements  in  the  stall  angle-of-attack  region  were  extremely 
difficult  to  achieve  since  nearly  all  of  the  aft  fuselage  near  the  vertical  tail  is  immersed  in  a large  wake 
and  has  greatly  reduced  dynamic  pressure.  The  single  largest  source  of  aerodynamic  energy  comes 
from  the  vortices  generated  by  the  wing  LEX  and  consequently,  the  largest  improvement  in  directional 
stability  was  obtained  by  the  removal  of  the  LEX.  This  also  caused  an  intolerable  reduction  in  maximum 
lift  coefficient  (-.  28).  A large  and  small  rectangular  LEX  (see  Figure  21)  was  also  tested  and  showed 
that  improvements  in  Cn„DYN  were  only  accomplished  with  significant  maximum  lift  coefficient  reduc- 

P 

tions.  These  effects  of  LEX  size  are  presented  in  Figure  22. 


FIGURE  21.  SELECTED  MODIFICATIONS  FROM  THE  FIGURE  22.  EFFECT  OF  LEX  SIZE,  F-6F  WITH 

CONFIGURATION  STUDY  CENTERLINE  TANK 


Dihedral  effect  improvements  were  easier  to  obtain  than  directional  stability  improvements.  In  the 
post  stall  angle-of-attack  region  the  major  portion  of  the  wing  panel  is  completely  separated.  Conse- 
quently, most  modifications  placed  on  the  upper  surface  of  the  wing  such  as  vortex  generators  had  no 
effect.  Upper  surface  wing  fences  located  at  approximately  mid  span  resulted  in  a significant  improve- 
ment in  dihedral  effect.  The  effect  of  the  fence  is  to  reduce  the  extent  of  spanwise  flow  over  the  wing, 
allowing  the  wing  to  maintain  a positive  dihedral  effect  at  all  angles  of  attack.  The  vortex  field  down- 
stream of  the  wing  also  influences  the  vertical  tail  resulting  in  an  increase  in  directional  stability  in  the 
stall  region.  These  effects,  combined  with  the  aircraft's  high  inertia  ratio  which  multiplies  the  effect  of 
C tp,  translate  to  a truly  significant  improvement  in  the  minimum  value  of  Cn^DYN  the  8taU»  88  8een 

in  Figure  23. 

Another  modification  which  provided  improvement  in  lateral  stability  was  the  addition  of  snags  to 
the  leading  edge  of  the  wing  (see  Figure  21).  The  snag  creates  a very  strong  vortex  at  the  inboard  Junc- 
ture at  high  angles  of  attack  which  augments  the  fence  effect,  restricting  spanwise  flow.  Like  the  fences, 
the  optimum  location  found  was  approximately  mid  span. 

The  effect  of  combining  the  3nags  and  fences  at  the  same  spanwise  location  is  shown  in  Figure  24, 
providing  positive  dynamic  directional  stability  at  all  angles  of  attack  for  the  centerline  store  configuration. 
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FIGURE  23.  EFFECT  OF  FENCES  - P-6F  WITH 
CENTERLINE  TANK  AND  MISSILES 


FIGURE  24.  EFFECT  OF  SNAG  AND  FENCES  - F-5F 
WITH  CENTERLINE  TANK  AND  MISSILES 
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As  a result  of  the  wind  tunnel  program,  modifications  were  fabricated  for  an  F-5F  flight  test  air- 
plane to  evaluate  the  effect  of  the  optimum  fence  configuration  and  the  fence/sawtooth  combination  on  post 
stall  behavior.  Doth  of  these  modifications  were  the  same  as  those  tested  in  the  wind  tunnel  and  are  de- 
picted in  Figure  21. 

The  configuration  with  centerline  tank  and  missiles,  but  without  fences  or  snags,  was  tested  first 
in  order  to  establish  a baseline.  The  lg  stall  time  history  presented  in  Figure  25  shows  the  nose  slice 
tendency  in  yaw  rate  which  occurs  at  20  seconds,  Just  prior  to  stall  recovery.  The  positive  roll  rate 
increase  starting  at  21  seconds  shows  a stable  dihedral  effect  because  the  angle  of  attack  had  already 
been  reduced  to  less  than  20  degrees  and  was  decreasing  rapidly.  In  this  region  *he  dihedral  effect  is 
stable. 

The  fence  configuration  was  tested  next  and  the  lg  stall  time  history  is  presented  in  Figure  26.  It 
is  noted  that  full  back  stick  was  held  to  sustain  the  26  degree  angle  of  attack  for  20  seconds  and  no  depar- 
ture tendencies  were  present.  The  roll  rate  and  yaw  rate  traces  indicate  a mild  wing  rock,  or  stable 
dutch  roll  motion. 


The  last  test  configuration  included  a fence  and  snag  combination  for  which  the  lg  stall  time  history 
is  presented  in  Figure  27.  The  addition  of  the  snag  did  not  appear  to  be  appreciably  different  than  the 
fence  alone  even  though  the  wind  tunnel  data,  Figure  24,  showed  a beneficial  effect.  The  snag  also  pro- 
duced an  early  buffet  onset  with  maneuver  flaps  deflected  and  was  therefore  not  included  in  the  modifica- 
tion for  the  production  airplane. 


AIRPLANE  W- 1002 
FLIGHT  13 
FLAPS  0/0 
1 G STALL  20K 
CONFIG  275/-/— /WJ 


AIRPLANE  W-100? 
FLIGHT  14 
r-.APS  o/o 
1 G STALL  20K 
CONFIG  275/-/-/MJ 


AIRPLANE  W-  1002 
FLIGHT  35 
FLAPS  0/0 
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On  the  basis  of  these  tests  it  was  possible 
to  define  various  regions  of  Cn^DYN  which  would 
result  in  predictable  aircraft  behavior  in  the 
stall.  These  regions  are  shown  in  Figure  28 
along  with  an  explanation  of  the  type  of  stall  and 
extent  of  departure  tendencies  to  be  expected  in 
each  region.  Departure  tendencies  are  not  al- 
ways consistent  and  repeatable,  hence  the  overlap. 

Although  the  flying  qualities  regions  of 
Figure  28  were  derived  from  F-5E/F  flight  test 
results  they  should  be  generally  applicable  to 
other  fighter  aircraft.  The  various  boundaries 
may  shift  somewhat  due  to  specific  directional, 
dihedral  and  inertial  effects.  The  boundaries 
and  overlaps  will  also  be  dependent  uoon  repeat- 
ability of  results. 
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8.  CONCLUSIONS 

The  F-5E/F  stall  investigation  program  surfaced  some  important  guidelines  for  testing  as  well  as 

for  correlating  analytical  parameters  with  test  results: 

1.  A definitive  correlation  of  a locally  (with  AOA)  unstable  departure  parameter,  Cn  jjyn  flight 

test  results  has  been  accomplished.  ^ 

2.  The  directional  departure  parameter  was  used  to  determine  an  effective  solution  to  unacceptable 
stall  characteristics  by  combining  wind  tunnel  and  flight  testing  efforts. 

3.  This  parameter  can  also  be  used  to  define  critical  angle -of -attack  regions  for  flight  test  purposes. 

4.  Wind  tunnel  testing  in  the  stall  angle -of-attack  region  must  be  accomplished  using  small  increments 
in  angle  of  attack  (one  degree  or  less)  or  the  true  stall  characteristics  may  not  be  identified. 

5.  In  determining  sideslip  derivatives  it  is  best  to  obtain  pitch  runs  at  both  a positive  and  a negative 
sideslip  angle  beyond  the  aerodynamic  hysteresis  region  and  average  the  results.  A few  prelim- 
inary runs  made  at  several  constant  angles  of  attack  and  varying  sideslip  will  determine  the  extent 
of  the  aerodynamic  hysteresis. 

6.  In  determining  rudder  and  aileron  effectiveness  a zero  sideslip  run  should  be  used  to  determine  the 
zero  control  datum. 

7.  The  computer  graphics  display  represents  an  effective  visualization  technique  for  interpreting  com- 
plex aircraft  motions  in  three  dimensions.  It  also  represents  a potential  enhancement  of  safety  of 
flight  in  the  conduct  of  hazardous  test  programs  if  provided  in  an  on-line  basis. 
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SUMMARY 

Two  approaches  to  providing  spin  resistance  for  highly  maneuverable 
military  airplanes  are  being  studied  by  the  National  Aeronautics  and  Space 
Administration.  The  approaches  consist  of:  (1)  providing  inherent  spin 

resistance  by  proper  design  of  the  airframe  configuration,  and  (2)  providing 
automatic  spin  prevention  by  use  of  the  avionic  and  flight  control  systems. 

The  studies  are  conducted  using  free-fllght  testa  of  dynamically  scaled  models 
and  piloted  simulator  studies. 

The  results  of  a recent  study  conducted  to  determine  some  of  the  factors 
which  contribute  to  the  good  stall/spin  characteristics  of  a current  fighter 
configuration  indicate  that  the  design  of  airframe  components  for  Inherent 
spin  resistance  is  very  configuration  dependent  and  that  few  generalizations 
can  be  made.  Secondary  design  features,  such  as  fuselage  forebody  shape,  can 
have  significant  effects  on  stability  characteristics  at  high  angles  of 
attack. 

Recent  piloted  simulator  studies  and  airplane  flight  tests  have  indi- 
cated that  current  automatic  control  systems  can  be  tailored  so  as  to  provide 
a high  degree  of  spin  resistance  for  some  configurations  without  restrictions 
to  maneuverability.  Such  systems  result  in  greatly  increased  pilot  confi- 
dence and  increased  tactical  effectiveness. 
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Increment  of  rolling-moment  coefficient,  positive  for  right  rolling  moment 
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Effective  dihedral  derivative,  jg-,  per  deg 

M 

Yawing-moment  coefficient,  -£r 

Increment  of  yawing-moment  coefficient,  positive  for  right  yawing  moment 

3C 

Directional  stability  derivative,  per  deg 

*z 

Dynamic  directional  stability  parameter,  C - C»  — sin  a,  per  deg 
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Damping-in-yaw  parameter,  per  rad 

2 2 

Moments  of  inertia  about  X-  and  Z-body  axes,  kg-m  (slug-ft  ) 

2 2 

Free-stream  dynamic  pressure,  N/m  (lb/ft  ) 

Yawing  velocity,  rad/sec 
Wing  area,  m3  (ft3) 

Angle  of  attack,  deg 

Angle  of  sideslip,  deg 

Rate  of  change  of  sideslip,  rad/sec 

Moments  about  X-  and  Z-body  axes,  m-N  (ft-lb) 
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Recent  experience  has  shown  that  most  contemporary  fighter  airplanes  exhibit  poor  stall  characteris- 
tics and  a strong  tendency  to  spin.  They  also  have  poor  spin  characteristics  and  recovery  from  a fully 
developed  spin  is  usually  difficult  or  impossible.  As  a result  of  these  unsatisfactory  stall  and  spin 
characteristics,  the  developed  spin  is  currently  an  undesirable  and  potentially  dangerous  flight  condition 
which  should  be  avoided.  There  is,  therefore,  an  urgent  need  to  develop  guidelines  for  use  in  the  design 
of  future  military  aircraft  in  order  to  minimize  or  eliminate  spins  and  Insure  good  handling  qualities  at 
high  angles  of  attack.  The  National  Aeronautics  and  Space  Administration  currently  has  a broad  research 
program  underway  to  provide  these  guidelines.  The  program  includes  conventional  static  wind-tunnel  force 
tests,  dynamic  force  tests,  flight  tests  of  dynamically  scaled  models,  theoretical  studies,  and  piloted 
simulator  studies. 

Two  approaches  to  providing  spin  resistance  are  currently  under  consideration.  In  the  first  approach, 
the  basic  airframe  is  configured  so  as  to  be  Inherently  spin  resistant  by  virtue  of  good  stability  and 
control  characteristics  at  high  angles  of  attack.  At  the  present  time,  however,  a lack  of  understanding 
of  the  oajor  factors  affecting  stability  and  control  characteristics  at  high  angles  of  attack  for  current 
fighters  has  prevented  the  development  of  detailed  design  procedures  for  Inherent  spin  resistance.  The 
second  approach  to  providing  spin  resistance  is  through  the  use  of  avionics  and  flight  control  system  ele- 
ments in  automatic  spin  prevention  concepts.  Such  concepts  can  be  highly  effective  in  preventing  inadvert- 
ent 3talls  and  spins;  however,  they  must  be  designed  so  as  not  to  restrict  the  maneuverability  and  tactical 
effectiveness  of  the  airplane. 


The  present  paper  discusses  the  results  of  tvo  recent  NASA  studies  on  inherent  spin  resistance  and 
automatic  spin  prevention.  The  studies  were  conducted  at  the  NASA  Langley  Research  Center  using  free- 
f light  model  tests  and  piloted  simulator  studies. 


INHERENT  SPIN  RESISTANCE 


In  view  of  the  limitations  Imposed  on  military  airplanes  by  poor  stall/spin  characteristics,  and  the 
lack  of  understanding  of  factors  which  determine  these  characteristics,  it  is  highly  desirable  to  identify 
geometric  features  of  airplanes  which  promote  inherent  spin  resistance.  As  a step  toward  providing  this 
information,  NASA  has  recently  conducted  an  investigation  (Ref.  1)  to  provide  some  insight  into  the  fea- 
tures affecting  the  lateral-directional  stability  characteristics  of  a high-performance  twiu-engine  fighter 
which  in  operation  has  exhibited  outstanding  stall  and  spin  characteristics.  These  characteristics,  which 
result  in  an  inherent  resistance  to  spins,  include  positive  directional  stability  through  the  stall  with  no 
tendency  to  diverge  and  no  significant  adverse  yaw  due  to  aileron  deflection  at  high  angles  of  attack. 

Description  of  Configuration 

A wind-tunnel  investigation  was  made  with  the  0. 17-scale  model  shown  in  Figure  1 in  order  to  define 
some  of  the  more  Important  geometric  and  aerodynamic  characteristics  responsible  for  the  good  stall  and 
spin  characteristics  exhibited  by  the  configuration.  The  study  included  wind-tunnel  free-flight  tests, 
static  force  tests,  and  dynamic  (forced-oscillation)  force  tests. 

One  airframe  compc-cnt  expected  to  have  significant  effects  on  the  stability  and  control  of  the  model 
at  high  angles  of  atta.  ne  wing.  Fast  studies  (Refs.  2 and  3)  have  shown  that  wing  planform  charac- 
teristics, such  as  swee,  and  taper  ratio,  can  have  large  effects  on  lateral-directional  stability  at 

high  angles  of  attack.  In  order  to  evaluate  the  effects  of  wing  modifications,  a swept  wing  (similar  in 
planform  to  that  employed  by  the  configuration  of  Ref.  4)  and  a delta  wing  were  also  tested  as  shown  in 
Figure  2.  All  wings  were  of  equal  area  and  of  relatively  equal  weights,  so  that  the  flight  tests  were 
conducted  with  a constant  value  of  wing  loading.  Aspect  ratio  and  wing  span  varied  with  each  wing  design. 
(See  Table  1.)  The  location  of  the  0.2S  c point  was  constant  for  all  configurations  tested.  The  addi- 
tional wings  incorporated  conventional  ailerons  for  roll  control. 

Results  of  Force  Tests 


The  static  directional  stability  characteristics  of  the  basic  configuration  are  presented  in  Figure  3 
in  terms  of  the  static  staoility  derivative,  Cn  . The  data  show  that  Cn  was  large  and  positive  (stable) 

at  low  angles  of  attack.  The  magnitude  of  C„  ® decreased  markedly  when  ihe  wing  stalled  at  an  angle  of 

attack  near  17*:  but  Cn^  became  increasingly  stable  at  post-stall  angles  of  attack,  in  contrast  to  trends 

shown  by  most  current  fighter  configurations.  (See  Ref.  4,  e.g.)  This  unusual  Increase  in  directional 
stability  at  post-stall  angles  of  attack  is  expected  to  be  a major  beneficial  factor  resulting  in  the 
excellent  stall  characteristics  shown  by  the  configuration. 


A number  of  additional  component-buildup  tests  were  conducted  to  determine  the  airframe  component 
responsible  for  the  pronounced  Increase  in  cnQ  exhibited  by  the  configuration  beyond  wing  stall.  The 


nB 

data  shown  in  Figure  4 indicate  the  contribution  of  the  vertical  tail  to  C, 


0 


Two  significant  results 


are  immediately  apparent  from  these  data:  First,  the  tall  contribution  decreased  markedly  at  angles  of 

attack  beyond  that  for  wing  stall;  and  second,  when  the  tall  was  off,  the  directional  stability  continued 
to  increase  markedly  at  angles  of  attack  above  23*,  with  the  result  that  the  model  was  directionally  stable 
at  angles  of  attack  above  31*  without  a vertical  tall.  The  decrease  in  tall  contribution  to  directional 
stability  at  angles  of  attack  beyond  that  for  wing  stall  (a  > 17*)  was  due  to  the  fact  that  the  tail  became 
immersed  in  the  low  energy  wake  of  the  stalled  wing.  The  fact  that  the  loss  in  tail  effectiveness  was  the 
result  of  loss  of  dynamic  pressure  at  the  tall  was  shown  bj  tests  to  determine  rudder  effectiveness.  Such 
loss  in  tall  ef fectiveress  at  high  angles  of  attack  is  not  unusual.  The  most  remarkable,  and  more  signifi- 
cant, characteristic  is  the  large  Increase  in  tail-off  directional  stability  at  high  angles  of  attack. 
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Additional  tests  were  made  to  determine  the  wing-fuselage  component  responsible  for  the  stability  at 
high  angles  of  attack.  The  component  found  to  be  responsible  was  the  fuselage  forebody  as  shown  in 
Figure  S which  presents  results  of  tests  conducted  with  the  Isolated  nose  mounted  on  a balance  at  a distance 
ahead  of  the  moment  center  representative  of  that  for  the  nose  of  the  basic  configuration.  The  data  show 
that  the  Isolated  nose  was  directionally  unstable  at  low  angles  of  attack,  as  would  be  expected.  At  high 
angles  of  attack,  however,  the  Isolated  nose  became  directionally  stable,  and  comparison  of  data  for  the 
nose  alone  and  data  obtained  for  the  basic  configuration  with  the  vertical  tall  off  indicates  that  virtu- 
ally all  the  directional  stability  of  the  configuration  at  angles  of  attack  above  32°  was  produced  by  the 
nose. 


The  geometric  feature  probably  responsible  for  the  aerodynamic  characteristics  of  the  fuselage  fore- 
body of  the  present  configuration  is  the  cross-sectional  shape  indicated  in  Figure  5.  As  shown  in  the 
sketch,  the  cross  section  Is  an  elliptical  shape  with  the  major  axis  horizontal.  It  has  '.teen  found  in 
past  Investigations  (Refs.  5 to  7)  that  a "flattened"  nose  similar  to  that  of  the  preser.c  configuration 
tends  to  produce  such  stability;  the  relatively  long  nose  of  the  present  configuration  tends  to  accentuate 
this  effect  because  of  the  long  moment  arm  through  which  side  forces  produced  by  the  nose  can  act. 

The  static-directional  stability  ch  racteristics  of  the  swept-  and  delta-wing  configurations  are  com- 
pared with  those  of  the  basic  configuration  in  Figure  6.  As  shown  in  Figure  6,  the  swept-  and  delta-wing 
configurations  had  levels  of  directional  stability  eov.al  to  or  higher  than  those  of  the  basic  configura- 
tion, and  the  trends  of  Cng  at  high  angles  of  attack  were  dominated  by  the  characteristics  of  the  nose, 

as  previously  discussed  for  the  basic  configuration.  It  should  also  be  noted  that  the  apparent  Increase 
in  Cug  for  the  swept- and  delta-wing  configurations  at  low  angles  of  attack  was  caused  by  the  data- 

reductlon  procedure,  in  which  the  aerodynamic  characteristics  were  based  on  the  geometric  characteristics 
of  the  individual  wings.  When  compared  for  equal  wing  spans,  the  values  of  Cng  for  the  individual  wings 

are  about  equal  at  a “ 0°.  The  relative  unimportance  of  the  large  changes  j.n  wing  planform  tor  the  pres- 
ent configuration  underlines  the  complexity  of  flow  phenomena  at  high  angles  of  attack  and  the  increased 
Importance  of  what  might  be  assumed  to  be  secondary  design  features,  such  ao  fuselage  forebody  shape. 

The  results  of  force  tests  conducted  to  determine  the  control  -.fectiveness  of  the  ailerons  and 
rudder  for  the  basic  and  modified  configurations  are  presented  in  Figures  7 and  8.  The  data  are  presented 
in  terms  of  the  incremental  values  of  Cn  and  C£  produced  by  a right-roll  or  right-yaw  control  input. 

The  data  of  Figure  7 show  that  the  incremental  rolling  moment  produced  Dy  aileron  deflection  for  the  basic 
configuration  decreased  markedly  as  wing  stall  was  approach*..! ; the  ailerons  produced  relatively  small 
values  of  AC^  at  post-stall  angles  of  attack.  The  incremental  yawing  moments  produced  by  aileron  deflec- 
tion were  favorable  (nose-right  for  right  roll  Input)  near  ste^l.  Theue  favorable  yawing  moments  are 
unusual  for  a high-performance  fighter  and  are  another  factor  producing  the  known  spin  resistance  of  the 
present  configuration.  Both  the  swept  and  delta  configurations  exhibited  equal  or  larger  Increments  of 
ACji  at  angles  of  attack  above  a ■ 12*  than  did  the  basic  configuration;  however,  both  wing  modifications 
produced  large  adverse  yawing  moments  at  and  beyond  wing  stall.  These  adverse  values  of  ACn  would  be 
expected  to  degrade  the  post-stall  control  of  the  configuration  considerably. 

The  rudder  effectiveness  of  the  various  configurations  is  shown  in  Figure  8.  Although  the  results  for 
the  three  configurations  were  about  equal  at  u » 0*  (when  compared  for  a constant  value  of  b) , the 
swept-  and  delta-wing  configurations  exhibited  much  higher  values  of  rudder  effectiveness  at  high  angles 
of  attack  than  did  the  basic  configuration.  This  result  was  probably  related  to  stall  patterns  on  the 
individual  wings  and  relative  location  of  the  stalled-wing  wakes.  It  should  be  noted,  however,  that  the 
rudder  effectiveness  of  the  basic  configuration  remains  quite  high  to  angles  of  attack  substantially  beyond 
wing  stall. 

As  pointed  out  in  Reference  1,  a fuselage  forebody  which  produces  a large  contribution  to  static 
directional  stability  at  high  angles  of  attack  will  also  tend  to  produce  unstable  values  of  damping  in  yaw. 
Presented  in  Figure  9 is  the  variation  of  the  damplng-in-yaw  parameter  cnr  - c cos  a for  the  basic 
configuration  as  measured  in  forced-oscillation  tests. 

As  shown  in  Figure  9,  C„r  - cos  a was  stable  (negative)  at  angles  of  attack  below  stall  but 

became  unstable  near  a * 28*  end  attained  very  large  unstable  values  at  higher  angle-  of  attack.  The 
results  of  tail-off  tests  showed  that  vertical  tail  had  little  effect  on  the  unstable  values  or  trends  of 
the  data  at  high  angles  of  attack. 

Additional  forced-oscillation  tests  were  conducted  with  components  of  the  model  to  identify  the  nose 
as  the  cause  of  the  unstable  values  of  Cn{  - Cn£  cos  a r.t  high  angles  of  attack.  The  physical  cause  of 

the  unstable  damping  in  yaw  is  illustrated  by  the  sketches  shown  in  Figure  10.  In  Figure  ’O(a)  the  con- 
figuration is  shown  in  a steady  sideslipped  condition  with  the  same  value  of  8 at  both  the  nose  and  the 
center  of  gravity.  As  pointed  out  previously,  for  the  present  configuration,  Uie  nose  produced  a side 
force  which  acted  through  a relatively  long  moment  arm  to  create  a stabilizing  vawlng  moment  that  tended 
to  reduce  the  value  of  B.  The  sketch  in  Figure  10(b)  illustrates  the  situation  for  yawing  flight,  with 
zero  sideslip  at  the  center  of  gravity.  Because  the  flight  pacn  is  curved,  the  nose  of  the  configuration 
is  subjected  to  a local  sideslip  angle  which  produces  a side  force  in  a manner  similar  to  that  for  the 
static  situation.  In  this  case,  however,  the  resulting  yawing  moment  is  in  a direction  which  tends  to 
Increase  the  value  of  yawing  velocity  and  therefore  results  in  unstable  vi  lues  of  C„r  - Cn£  cos  a. 

Results  of  Flight  Tests 

The  test  setup  for  the  free-flight  tests  is  shown  in  Figure  11.  The  model  was  flown  without  restraint 
in  the  9-  by  18-m  (30-  by  60-ft)  open-throat  test  section  of  the  Langley  full-scale  tunnel  and  was  remotely 
controlled  about  all  three  axes  by  two  human  pilots.  One  pilot,  who  controlled  the  model  about  its  roll 
and  yav  axes,  was  stationed  in  an  enclosure  at  the  rear  of  the  test  section.  The  second  pilot,  who  con- 
trolled the  model  in  pitch,  was  stationed  at  one  side  of  the  tunnel  Pneumatic  and  electric  power  and 
control  signals  were  supplied  to  the  model  through  a flexible  trailing  cable  which  was  made  up  of  wires 
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and  light  plastic  tubes.  The  trailing  cable  also  Incorporated  a 0.318-cm-diameter  (1/8-in.)  steel  cable 
that  passed  through  a pulley  above  the  test  section.  This  section  of  flight  cable  was  used  to  catch  the 
model  when  an  uncontrollable  motion  or  mechanical  failure  occurred.  The  entire  flight  cable  was  kept 
slack  during  the  flights  by  a safety-cable  operator  using  a high-speed  pneumatic  winch.  A further  discus- 
sion of  the  free-flight  technique,  including  the  reasons  lor  dividing  the  piloting  tasks,  is  given  in 
Reference  8. 


During  the  flight  tests  it  was  found  that  the  basic  model  flew  smoothly  and  with  little  effort  by  the 
pilots  up  to  an  angle  of  attack  of  about  20°.  Above  a **  20°  there  was  a slight  nose  wandering,  or 
directional  "looseness,"  noted  by  the  lateial-directional  pilot.  The  nose  wandering  (although  small) 
increased  the  pilot  effort  required  to  fly  the  model  smoothly.  But  the  pilot  was  satisfied  with  the  level 
of  stability  and  considered  that  the  major  cause  of  the  increased  pilot  effort  was  the  rapid  decrease  ir. 
lateral-control  effectiveness  with  Increasing  angle  of  attack  (see  Fig.  7).  At  an  angle  of  attack  of 
about  30°  the  model  diverged  slowly  in  yaw  against  full  corrective  controls.  The  yawing  motion  at  the 
divergence  appeared  to  be  a fairly  slow  rotation  about  the  Z body  axis.  The  swept-  and  delta-wing  con- 
figurations exhibited  the  same  general  flight  characteristics  as  the  basic  configuration. 


The  possibility  of  directional  divergence  at  high  angles  of  attack  is  normally  examined  by  means  of 


the  dynamic  directional-stability  parameter  C 


"fi.dyn 


(Ref.  4),  where 
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Negative  values  of  Cng  usually  indicate  the  existence  of  a directions-  divergence. 

The  variations  of  Cng  ^ for  the  swept-  and  delta-wing  configurations  are  compared  with  that  for 
the  basic  conf igutation  in  Figure  12.  The  values  of  CUg  weie  large  and  positive  for  all  configura- 
tions, indicating  no  directional  divergence.  It  appears,  therefore,  that  the  slow  directional  divergence 
exhibited  by  the  model  near  a « 30°  was  not  predicted  by  Cng  ^ n but  is  probably  associated  with  the 

unstable  values  of  C„r  - Cn£  cos  a (Fig.  9)  and  the  low  . udder  effectiveness  (Fig.  8),  neither  of  which 

is  accounted  for  in  the  Cn,  . criterion. 

n8,dyn 


Flights  were  made  to  determine  the  effects  of  various  pilot  lateral  control  techniques  at  high  angles 
of  attack  by  flying  the  model  with  rudder  and  aileron.'  individually  and  in  an  interconnected,  or  coordi- 
nated, mode.  The  results  of  these  tests  showed  that  at  angles  of  attack  above  10°,  the  pilot  could  not  use 
ailerons  alone  for  satisfactory  lateral  control  of  the  basic  configuration  because  of  apparently  reduced 
control  effectiveness.  The  results  of  the  lateral-control  tests  for  the  modified  configurations  were  simi- 
lar to  those  for  the  basic  configuration  in  that  the  rudder  was  the  most  effective  means  of  roll  control 
at  high  angles  of  attack.  It  was  noted,  however,  that  use  of  the  ailerons  appeared  to  be  completely 
unsatisfactory  because  of  noticeable »adverse  yaw.  Some  indication  of  the  shortcomings  of  the  aileron 
control  at  high  angles  of  attack  can  be  obtained  from  the  aileron-effectiveness  parameter  given  by 


AC 
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Negative  values  of  this  paraneter  Indicate  roll  reversal;  that  is,  a control  input  for  right  roll  results 
in  roll  to  the  left.  The  calculated  values  of  the  parameter  for  the  three  configurations  are  presented 
in  Figure  13.  The  variations  in  magnitude  of  the  aileron-effectiveness  parameter  are  caused  by  variations 


in 


""B 


and  aileron  yawing-moment  characteristics. 


The  values  of  the  parameter  for  the  basic  configuration  were  a minimum  neur  a • 21°,  but  the  param- 
eter remained  positive  indicating  no  roll  reversal.  On  the  other  hand,  the  values  for  the  swept-  and 
delta-wing  configuration  were  negative  at  high  angles  of  attack,  indicating  roll  reversal  due  to  adverse 
yaw. 


Interpretation  of  Results 

The  results  of  the  free-flight  tests  for  the  basic  configuration  are  in  very  good  agreement  with  the 
characteristics  exhibited  by  the  full-scale  airplane.  In  particular,  within  the  operational  angle-of- 
atta'-k  range,  the  absence  of  any  divergence,  the  good  rudder  effectiveness,  and  the  absence  of  adverse 
yaw  due  to  ailerons  appear  to  have  been  adequately  represented  by  the  model.  Of  course,  the  low  values 
of  Mach  and  Reynolds  numbers  associated  with  the  present  tests  could  cause  some  characteristics,  such  as 
wing  stall,  to  occur  at  slightly  different  angles  of  attack.  In  addition,  the  confined  space  available 
within  the  wind  tunnel,  the  rapidity  of  the  motions  of  the  model,  and  the  lack  of  piloting  cues  cause  the 
evaluation  of  lateral-control  techniques  to  be  qualitative  at  best.  It  appears,  however,  that  the 
results  of  the  tests  have  identified  some  of  the  factors  which  cause  the  basic  configuration  to  have  out- 
standing stall  and  spin  characteristics. 


It  should  be  pointed  out,  however,  that  some  of  the  factors,  such  as  nose  shape,  whlcl  was  found  to 
have  a large  Influence  on  the  stability  of  the  present  configuration  at  high  angles  of  attack,  may  be 
insignificant  for  other  configurations.  The  blending  of  airframe  opponents  for  good  characteristics  at 
high  angles  of  attack  is  very  configuration  dependent  and  there  are  few  general  conclusions  to  be  made. 
Instead,  wind-tunnel  test  techniques  and  methods  of  analysis  similar  to  those  discussed  must  be  used 
early  in  design  stages  in  order  to  insure  good  stall  characteristics. 
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AUTOMATIC  SPIN  PREVENTION 
Automatic  Control  Concepts 

Experience  has  shown  that  spins  can  generally  be  avoided  if  the  proper  recovery  action  Is  taken 
lasaedlately  after  departure  from  controlled  flight  while  the  spin  energy  is  low  and  the  aerodynamic  con- 
trols are  effective.  The  problem  in  effecting  such  early  recovery  is  that  the  pilot  frequently  Is  not 
able  to  take  Immediate  corrective  action  because  of  disorientation  which  results  from  his  lack  of  experi- 
ence with  spins  of  such  aircraft,  from  the  fact  that  the  departure  and  spin  entry  occurred  unexpectedly 
when  he  was  Intent  on  another  task,  and  from  the  violent  and  confusing  nature  of  the  motions  during  spin 
entry  for  many  airplanes.  This  situation  would  seem  to  suggest  the  use  of  an  automatic  system  which  could 
quickly  Identify  the  situation  and  take  the  required  action.  An  electronic  system  capable  of  this  task 
would  have  several  Inherent  advantages  over  the  human  pilot,  including  (1)  quicker  and  surer  recognition 
of  an  Incipient  spin,  (2)  faster  reaction  time  for  Initiation  of  recovery,  (3)  application  of  correct  spin- 
recovery  controls,  and  (4)  elimination  of  tendencies  toward  spin  reversal. 

The  Idea  of  automatic  spin-prevention,  or  recovery,  systems  Is  not  new.  Stick-pushers  that  prevent, 
or  discourage,  stalling  the  airplane  are,  in  a sense,  spin-prevention  systems;  but  they  may  restrict  the 
pilot  from  exploiting  the  full  potential-maneuver  envelope  of  the  airplane.  The  installation  of  more 
elaborate  automatic  spin-prevention,  or  recovery,  systems  has,  until  recent  years.  Involved  the  addition 
of  complete  sensing,  logic,  and  control  systems  at  a time  when  such  devices  were  not  very  reliable  and 
would  probably  not  have  been  maintained  in  proper  operating  condition  because  they  were  protecting  against 
a very  rare  occurrence.  The  fact  that  modern  tactical  airplanes  already  incorporate  most  of  the  elements 
of  automatic  spin-prevention  (or  recovery)  systems,  together  with  a great  Increase  In  the  reliability  of 
avionics  systems,  now  makes  the  use  of  these  automatic  systems  more  practical. 

Several  approaches  to  automatic  spin  prevention  have  been  evaluated  by  NASA.  The  types  of  concepts 
studied  and  the  area  of  application  of  each  concept  are  graphically  depicted  in  Figure  14.  Yaw  rate  and 
angle  of  attack  are  used  as  the  primary  variables  identifying  spin  entry.  For  a particular  airplane  con- 
figuration out  can  generally  Identify  two  Important  areas  in  the  yaw-rate  angle-of-attack  plane:  the 

airplane  maneuver  envelope  Involving  relatively  low  values  of  yaw  rate  and  angle  of  attack,  and  the  devel- 
oped spin  region  Involving  relatively  high  values  of  yaw  rate  and  angle  of  attack.  Three  types  of  auto- 
matic control  concepts  have  been  evaluated:  (1)  automatic  spin  recovery,  (2)  automatic  spin  prevention, 

and  (3)  automatic  departure  prevention. 

In  the  automatic  spin  recovery  concept,  the  airplane  is  allowed  to  depart  from  controlled  flight, 
experience  the  incipient  spin,  and  en~er  the  fully  developed  spin.  Values  of  yaw  rate  and  angle  of  attack 
supplied  by  the  sensors  used  in  the  automatic  control  system  are  sampled  to  identify  the  developed  spin 
condition  and  actuate  the  proper  recovery  controls.  The  results  of  a study  of  the  effectiveness  and  value 
of  such  a system  (Ref.  9)  indicated  that  the  primary  benefits  of  this  type  of  concept  were:  rapid  identl- 
flcatlun  of  the  spin,  input  of  proper  recovery  controls,  and  minimization  or  elimination  of  spin  reversals 
following  recovery.  The  concept  obviously  requires  the  airplane  under  consideration  to  have  satisfactory 
spin  recovery  characteristics.  Inasmuch  as  most  current  fighter  designs  have  poor  recovery  characteris- 
tics from  developed  spins,  it  would  appear  that  systems  of  this  type  would  be  relatively  ineffective.  In 
fact,  the  concept  appears  to  be  working  "the  wrong  end  of  the  problem." 

The  automatic  spin  prevention  concept  indicated  in  Figure  14  also  allows  the  airplane  to  depart  from 
controlled  flight;  however,  recovery  controls  are  actuated  during  the  early  stages  of  the  incipient  spin 
when  recovery  characteristics  are  generally  good.  By  simultaneously  sensing  angle  of  attack  and  yaw  rate, 
a control  actuation  boundary  can  be  established  which  limits  the  attainable  magnitudes  of  these  variables, 
thereby  preventing  spins.  An  automatic  spin  prevention  system  concept  has  been  studied  (Ref.  9)  using 
theoretical  studies  and  flight  tests  of  an  unpowered  drop-model  of  a current  military  configuration.  The 
results  of  the  theoretical  studies  showed  that  such  a system  was  extremely  effective  in  preventing  devel- 
oped spins,  and  that  the  exact  configuration  of  the  automatic  system  will  depend  on  the  stall/spin  charac- 
teristics of  the  airplane  design  under  consideration.  The  model  flight  tests  verified  the  theoretical 
results  and  showed  that  current  flight  control  components  could  be  used  to  implement  the  system. 

As  might  be  expected,  the  control  actuation  boundary  for  the  automatic  spin  prevention  concept  can  be 
designed  to  be  in  close  proximity  to  the  normal  flight  envelope,  thereby  permitting  only  minimal  excursions 
from  controlled  flight.  It  should  be  pointed  uut  that  the  concept  described  does  not  infringe  on  the 
maneuverability  of  the  airplane  or  restrict  the  tactical  effectiveness  of  the  vehicle.  Rather,  the  system 
quickly  senses  an  out-of-control  condition  and  Impending  spin  and  applies  control  Inputs  required  of  the 
pilot  In  a rapid,  correct  manner. 

The  automatic  spin  preventioi  concept  appears  to  he  Ideally  suited  for  airplanes  which  are  especially 
susceptible  to  inadvertent  spins.  In  particular,  configurations  which  exhibit  a sevr-e  directional  diver- 
gence and  Joss  of  control  pover  at  high  angles  of  attack  are  appropriate  for  application  of  the  system  If 
no  limit  Is  desired  on  angle  of  attack  attained  during  normal  flight.  Fighter  configurations  may,  how- 
ever, exhibit  a divergence  at  an  angle  of  attack  considerably  higher  than  those  used  in  normal  maneuvering 
flight.  In  this  case,  artificial  angle-of-attack  limiting  systems  may  be  more  appropriate. 

Recently,  a number  of  fighter  configurations  have  been  developed  which  are  dynamically  stable  at  high 
angles  of  attack  with  no  natural  tendency  to  diverge  in  yaw.  However,  the  designs  are  subject  to  control- 
induced  departures  from  controlled  flight  as  a result  of  large  values  of  adverse  yaw  at  high  angles  of 
attack.  These  vehicles  arc  well  suited  for  the  application  of  automatic  departure-prevention  concepts 
(Ref.  10)  which,  as  indicated  In  Figure  14,  operate  within  the  normal  maneuver  envelope  of  the  airplane 
In  order  to  prevent  natural  or  control-induced  departures  from  controlled  flight.  It  will  be  shown  that 
the  use  of  such  systems  does  not  Inhibit  maneuvering  of  the  airplane  at  high  angles  of  attack,  and  actually 
Increases  the  usable  maneuverability  as  well  as  the  pilot's  confidence  during  strenuous  maneuvers. 
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Evaluation  Procedures 


Several  techniques  have  been  developed  at  Langley  for  the  evaluation  of  automatic  departure/spin 
prevention  systems.  As  previously  mentioned,  free-flight  tests  of  dynamically  scaled  models  and  theoreti- 
cal studies  of  flight  motions  have  been  extremely  valuable  in  assessing  the  effectiveness  of  such  systems; 
however,  these  techniques  do  net  allow  an  evaluation  of  pilot  reaction  to  the  effects  of  automatic  systems 
on  maneuverability  and  tactical  effectiveness.  The  Langley  Differential  Maneuvering  Simulator  (DMS)  shown 
in  Figure  15  has  therefore  been  used  to  obtain  such  information. 

The  DMS  is  a fixed-base  simulator  which  has  the  capability  of  simultaneously  simulating  two  airplanes 
as  they  maneuver  with  respect  to  one  another,  and  includes  a wide-angle  visual  display  (Including  the 
opposing  aircraft)  for  each  pilot.  Real-time  digital  simulation  techniques  are  used  for  the  studies.  Some 
of  the  unique  capabilities  of  the  DMS  which  are  utilized  for  studies  of  automatic  departure/spin  prevention 
are  listed  in  Figure  16.  A detailed  discussion  of  the  capabilities  and  operational  aspects  of  the  DMS  is 
given  in  Reference  11. 

Previous  experience  with  the  simulation  of  fighter  stall/spin  characteristics  (Ref.  12)  has  shown  that 
visual  tracking  tasks  which  require  the  pilot  to  divert  his  attention  from  the  instrument  panel  are  neces- 
sary to  provide  realism  in  studying  the  possibility  of  unintentional  loss  of  control  and  spin  entry. 
Furthermore,  other  studies  (Ref.  10)  have  shown  that  mild,  well-defined  maneuvers  can  produce  misleading 
results  inasmuch  as  a configuration  that  behaves  fairly  well  in  such  mild  maneuvers  may  be  violently 
uncontrollable  in  the  complex  and  pressing  nature  of  hlgh-g,  air-combat  maneuvering  (ACM).  Finally,  for 
purposes  of  evaluation  in  comparing  the  performance  of  the  airplane  with  and  without  automatic  systems, 
the  tasks  used  must  be  repeatable.  The  following  test  procedures  are  used  in  order  to  account  for  the 
foregoing  factors. 

In  order  to  force  the  evaluation  pilot  to  fly  at  high  angles  of  attack,  the  target  airplane  is  pro- 
gramed co  have  the  same  thrust  and  performance  characteristics  as  the  evaluation  airplane;  however,  the 
target  has  idealized  high  angle-of-attack  stability  and  control  characteristics.  The  target  airplane  is 
flown  by  the  evaluation  pilot  through  a series  of  ACM  tasks  of  varying  levels  of  difficulty  while  the 
target' 8 motions  are  tape  recorded  for  playback  later  to  drive  the  target  as  the  task  for  the  evaluation 
airplane.  In  this  manner,  repeatable  tasks  ranging  from  simple  tracking  tasks  to  complex,  hlgh-g  ACM 
tasks  are  developed  for  use  in  the  evaluation.  Some  of  the  simulation  evaluation  maneuvers  normally  used 
are  listed  in  Figure  17. 

The  results  of  the  studies  are  in  the  form  of  time-history  records  of  airplane  motions  and  pilot 
comments  regarding  the  departure/spin  susceptibility  of  the  basic  airplane  and  the  effects  of  automatic 
prevention  systems. 

The  objectives  of  such  studies  are:  (1)  to  determine  the  controllability  and  departure  resistance  of 

a configuration  during  1-g  stalls  and  accelerated  stalls,  (2)  to  determine  the  departure  susceptibility  of 
the  configuration  during  demanding  air-combat  maneuvers,  and  (3)  to  identify  maneuvers  or  flight  conditions 
which  might  overpower  the  departure-resistant  characteristics  provided  by  the  automatic  control  system. 

Results  of  Simulation 


At  the  present  time,  simulator  studies  of  the  application  of  automatic  departure/spin  prevention  sys- 
ems  have  been  conducted  for  four  current  fighter  configurations.  The  results  of  the  studies  show  rnac 
such  systems  can  be  very  effective  in  preventing  Inadvertent  departures  from  controlled  flight  during 
strenuous  maneuvering.  The  resulting  improvement  in  high  angle-of-attack  characteristics  markedly  improves 
handling,  maneuverability,  and  safety.  A3  a result  of  these  Improvements,  the  pilot’s  confidence  in  the 
capability  of  the  vehicle  is  greatly  Increased,  and  the  configuration  can  be  used  to  its  full  capability. 
Ail  of  the  studies  show  that  these  automatic  systems  can  be  implemented  with  curtent  flight  hardwate  and 
avionics  technology.  As  an  example  of  the  benefits  provided  by  automatic  departure  prevention  systems, 
the  use  of  automatic  lateral-directional  control  phasing  will  be  discussed. 

Shown  in  Figure  18  are  typical  lateral-directional  control  characteristics  for  fighter  configurations 
with  adverse  yaw.  The  data  of  Figure  18  show  the  variation  with  angle  of  attack  of  yawing  moments  pro- 
duced by  ailerons  and  rudder  for  right  roll  and  right  yaw  control  inputs  The  yawing  moments  produced  by 
ailerons  at  low  angles  of  attack  are  favorable  (nose  right)  for  right  roll  control;  however,  the  moments 
become  adverse  (nose  left)  at  high  angles  of  attack.  Right  rudder  input  produces  a normal  nose  right 
moment,  but  at  high  angles  of  attack  the  rudder  loses  effectiveness  because  of  impingemert  of  the  low 
energy  wake  from  the  partially  stalled  wing.  As  can  be  seen,  the  magnitudes  of  the  adverse  moments  due  to 
ailerons  are  much  larger  than  the  corrective  moments  available  from  the  rudder.  When  the  resulting  adverse 
moments  are  coupled  with  low  directional  stability  at  high  angles  of  attack,  a reversal  of  roll  response 
occurs  wherein  the  airplane  rolls  in  a direction  opposite  to  that  desired  by  the  pilot. 

Shown  in  Figure  19  are  calculated  time  histories  which  illustrate  the  roll  reversal  phenomenon.  The 
roll  response  of  a typical  configuration  is  shown  at  an  angle  of  attack  of  25*  for  control  inputs  of  rudder 
alone  and  ailerons  alone  for  right  roll  control.  The  response  to  the  rudder  input  is  seen  to  be  quite 
normal.  The  airplane  yaws  to  the  right,  creating  nose-right  sideslip.  The  dihedral  effect  then  rolls  the 
airplane  to  the  right,  as  desired.  In  contrast  to  this  result,  input  of  aileron  control  creates  adverse 
yaw  which  causes  the  airplane  to  yaw  to  the  left  and  the  sideslip  created  is  in  the  opposite  direction, 
resulting  in  the  dihedral  effect  opposing  the  rolling  moment  produced  by  the  aileron.  After  a brief  time, 
the  airplane  rolls  to  the  left  in  response  to  the  right  roll  control. 

As  would  be  expe.  fed,  the  reversed  roll  response  to  normal  lateral  control  stick  Inputs  presents  the 
pilot  with  a coordination  problem  in  order  to  avoid  unintentional  loss  of  control  and  spins.  Most  fighter 
pilots  adapt  to  the  situation  by  transitioning  from  lateral  stick  Inputs  for  roll  control  at  low  to 
ru  .der  pedal  inputs  for  roll  control  at  high  a.  The  problem  becomes  one  or  how  to  phase  these  controls  in 
an  optimum  manner  to  obtain  maximum  performance,  particularly  during  the  pressure  of  combat. 
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Using  Che  simulator  at  Langley,  it  has  been  found  that  configurations  which  exhibit  such  characteris- 
tics are  ausceptible  to  inadvertent  departures  during  vigorous  combat  maneuvers.  Many  proposed  solutions 
to  the  problem  were  evaluated,  and  the  most  effective  system  Involved  the  atick-to-rudder  interconnect 
concept  shown  in  Figure  20. 

Basically,  the  control  system  is  modified  such  that  deflection  of  the  control  stick  laterally  pro- 
duces aileron  inputs  at  low  angles  of  attack  and  rudder  Inputs  at  high  angles  of  attack.  As  shown  in  the 
sketch,  the  ailerons  for  the  example  discussed  were  phased  out  by  a “ 25*.  At  that  point,  lateral  stick 
Inputs  produced  only  rudder  inputs.  In  addition,  the  yawing  moments  produced  by  the  ailerons  above 
a *25°  were  used  to  advantage  in  an  additional  stability  augmentation  channel  which  augmented  directional 
stability.  This  control  scheme  essentially  eliminated  Inadvertent  spins  in  the  simulator. 

The  net  effect  of  the  automatic  interconnect  scheme  on  roll  performance  is  illustrated  in  Figure  21. 
With  the  basic  control  system,  the  roll  rate  produced  by  lateral  deflection  of  the  control  stick  reversed 
near  a - 20*  and  the  pilot  could  not  maneuver  at  higher  angles  of  attack  with  only  stick  Inputs.  When 
the  control  system  was  modified  with  the  interconnect,  the  pilot  could  maneuver  the  airplane  beyond  maxi- 
mum lift  using  only  stick  Inputs  without  fear  of  unintentional  departures. 

The  preceding  illustration  of  che  use  of  automatic  control  concepts  to  prevent  inadvertent  spins  is 
but  one  example  of  the  significant  gains  to  be  achieved  with  these  systems.  The  concept  of  automatic  spin 
prevention  is  currently  widely  accepted  by  industry  in  the  United  States,  and  it  is  apparent  that  such 
systems  will  be  employed  by  future  fighter  designs. 

CONCLUDING  REMARKS 

The  present  paper  has  attempted  to  summarize  recent  NASA  studies  on  spin  resistance  for  military  air- 
planes. The  two  approaches  to  providing  spin  resistance  discussed  herein  are  promising  methods  to  achieve 
this  goal.  Much  of  the  technology  required  to  utilize  the  approaches  is  in  hand,  particularly  for  auto- 
matic spin  prevention.  In  order  to  be  effective,  however,  the  approaches  must  be  considered  early  in  the 
design  stages  of  military  aircraft. 
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TABLE  I.  GEOMETRIC  CHARACTERISTICS  OF  THE  WING  CONFIGURATIONS 


B*»ic  wing  Swept  wing  Delta  wing 


Root  chord  ....... 

Tip  chord  

Mean  aerodynamic  chord  . 

Aspect  ratio  

Taper  ratio  

Dihedral  

Aileron  area  (one  aide) 


1.34  m 
(4.39  ft) 

0.49  a2 


1.17  * 
(3.85  ft) 

0.49  *2 


1.01  m 

(3.31  ft) 


(5.24  ft2) 

(5.24  ft2) 

{'.24  fl-) 

0.59  m 
(1.95  ft) 

0.71  a 
(2.34  ft) 

0.92  b 
(3.01  ft) 

0.15  a 
(0.48  ft) 

0.12  b 
(0.39  ft) 

0.05  a 
(0.15  ft) 

0.41  a 
(1.34  ft) 

0.48  a 
(1.59  ft) 

0.61  a 
(2.01  ft) 

3.68 

2.82 

2.09 

0.25 

0.17 

0.05 

0 

3.69* 

0 

0.013  b2 
(0.14  ft2) 

0.014  a2 
(0.15  ft2) 

0.013  a2 
(0.14  ft2) 

Figure  1.  Photograph  of  model 
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Photographs  of  model  with  modified  wings. 
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Figure  3.  Static  directional  stability  characteristics  of  the  basic  configuration. 


Figure  4.  Effect  of  tail  on  directional  stability  of  basic  configuration. 


Figure  5.  Directional  stability  characteristics  of  fuselage  forebody. 
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Figure  9.  Variation  of  damping  in  yaw  parameter  with  angle  of  attack  for  basic  configuration. 
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(a)  Static,  0 * 0“. 


(b)  Yawing,  0-0* 


Figure  10.  Sketch  of  caute  of  unstable  damping  in  yaw. 
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Figure  13.  Variation  of  aileron  effectiveness  paraneter  with  angle  of  attack 
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Figure  14.  Automatic  control  concepts  for  uuparture/spln  prevention. 


Figure  15.  Sketch  of  the  DMS  facility. 


ONE-ON-ONE  AIR  COMBAT  MANEUVERING  (ACM) 

REALISTIC  COCKPIT/VISUAL  REPRESENTATION 

• STICK  FORCE/ FEEL 

• BUFFET 

• G SIMULATION  (BLACKOUT  AND  G-SUIT) 

• ENGINE/WIND  NOISE 

REALISTIC  EVALUATION  TASKS 

• ONE-ON-ONE  ACM 

• TAPED,  REPEATABLE  TRACKING  TASKS 

COMPREHENSIVE  DATA  PACKAGE 

Figure  16.  Features  of  the  DMS  facility. 


STALL  ENTRIES  - 1G  AND  ACCELERATED 

• SYMMETRIC  AND  WINDUP  TURNS 

• ADVERSE  CONTROLS 

• MANEUVER  CONTROLS 

SPECIAL  ENTRY  MANEUVERS 

• AERODYNAMICALLY  COUPLED 

• INERTIALLY  COUPLED 

• VERTICAL 

REPEATABLE  TRACKING  TASKS 

• STEADY  TURNS 

• BANK-TO-BANK  REVERSALS 

• COMPLEX  ACM 

Figure  17.  Simulation  evaluation  maneuvers. 
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Figure  18.  Yawing  moments  produced  by  lateral-directional  controls. 
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Figure  19.  Illustration  of  roll  reversal. 
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Figure  20.  Stick-to-rudder  Interconnect  concept. 
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Figure  21.  Effect  of  Interconnect  on  roll  response  to  lateral  stick  input. 


APPLICATION  DES  MESURES  Dc  COEFFICIENTS  AERODYNAMIQUES  STATIQUES  ET  DYNAHIOUES 
A DES  RECOUPEMENTS  PAR  CALCUL  DES  VRILLES  OBTENUES  EN  SOUFFLERIE 
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5,bd  Paul  PainlevA,  59000  - Lille  (France) 


1 - INTRODUCTION.  - 

La  presents  communication  porta  sur  das  travaux  relatlfs  A l’fitude  du  recoupement  par  le  calcul 
de  vrlllea  rAelles,  stade  indispensable  A la  validation  d'une  modfilisation  de  la  vrllle. 

L'expArience  acquise  A ce  sujet  Jusqu'A  ca  Jour  fait  apparaltre  da  rAelles  difficultfis  de  recou- 
pement. Pour  nous  mettre  dans  das  conditions  da  recoupement  A priori  les  plus  faclles,  nous  avons  cholsl. 
pour  nos  travaux,  la  cas  d'un  avion  16ger  dant  la  vrille  est  particuliArement  calme  at  pour  laquelle  les 
gouvernes  sont  trAo  sfficaces.  Afln  d'avoir  une  tr&s  bonne  connaissance  du  vol,  nous  avons  choisi  de 
cherchar  le  recoupement  de  vrilles  obtenues  en  soufflarie  verticals. 

Les  diffSrentss  Stapes  du  travail  seront  examlnies.  En  premier  lieu,  sont  relates  les  calculs 
effectuSs  avec  das  coefficients  stationnaires  et  instationnairas  mesurfis  de  faqon  classique,  c'est-A-dire 
maquette  fixe  montSe  sur  dard  dynamomStrique  en  soufflerle  horizontale,  avec  oscillations  forcSes  pour  les 
mesures  de  dSrivSes. 

Les  coefficients,  d'abord  utilises  bruts,  n'ont  pas  conduit  A un  recoupement  satlsfalsant  avec 
la  vrllle  libre  de  la  maquette  de  cet  avion. 

Certains  coefficients  ont  alors  StS  retouchSs.  Cela  ne  s' Stent  pas  avSrS  suffisant,  nous  avons 
Indus,  dans  les  calculs,  d'autres  coefficients  que,  parce  que  non  mesurSs,  nous  avons  estlmSs. 

Les  rSsultats  n'Stant  pas  suf^lsants,  nous  avons  alors  modiflS  la  mSthode  de  mesures,  et  nous 
avons  effectuS  ces  dernlSres  en  montant  la  maquette  sur  bras  tournant  dens  la  soufflerle  vertlcale  de 
1'I.M.F. Lille,  afln  de  lui  lmposer,  pendant  les  mesures,  un  mouvement  semblable  A la  vrllle.  II  e9t  apparu 
que  les  valeurs  des  coefficients,  mesurfis  dan9  ces  conditions,  fitalent  sensiblement  difffirentes  de  celles 
mesurfies  par  la  mSthode  classique,  et  leur  utlllsatiqn,  lors  du  calcul,  a sensiblement  am61ior6  le 
recoupement. 


2 - LES  RESULTATS  DE  VOLS  LIBRES  EN  SOUFFLERIE  VERTICALE. - 

A 1'I.M.F, Lille,  en  soufflerle  vertlcale.  11  est  d'usage  de  dAbuter  l'Atude  de  la  vrlllo  d'un 
avion  par  un  ensemble  de  27  combinaisons  de  braquages  de  gouvernes,  avec  3 positions  de  chacune  Jes  3 
gouvernas  (positions  extrfimas  et  position  neutre).  C'est  done  une  Atude  exploratrlce  par  points  discrete. 
Ce  sont  les  rSsultats  d'une  telle  exploration  qul  ont  6t6  1' ensemble  des  donnSes  en  vol  utllisSes  pour 
l'Stude  de  recoupement. 

La  figure  1 reprSsente  1' avion  qui  fut  retenu  pour  les  calculs.  C'est  un  avion  l^eer  ayant  des 
gouvernes  tr&s  efflcaces  tant  pour  le  malntien  de  la  vrllle  que  pour  la  sortie.  Rappelons  que  c'est  pour 
la  bonne  efflcaiJtA  de  sea  gouvernes  et  18  caract&re  calme  de  ses  vrilles  que  cet  avion  fut  retenu  pour 
nos  calculs. 

Pour  cet  avion,  la  cor.slgne 
pro-vrille  eat  : Olrection  "Avec", 
c’est-A-dire  braquSe  A fond  pour  un 
vlrage  de  m&me  sens  que  la  vrllle. 

Les  combinaisons  des  autres  gouvernes 
ne  Jouent  alors  que  sur  las  CaractS- 
ristlques  de  la  vrille  sane  en 
emptcher  le  malntien.  u>  (.onnigne 
nnti-vrille  est  i Direction  "Contre", 
les  autres  gouvernas  pouvant  etre 
lalssAes  A un  brsquage  quelconque. 


Fig.  1 - Plan  3 vuee  d*  l 'avion 
retenu  pour  I'itudt. 
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n"’  = 2.5 

s/lour 

ri'  = 1.7 

s/lour 

Sur  lea  27  comblnalsons  de  braquages  de  gouvernes, 
environ  la  moitiA  permet  le  maintien  de  la  vrille  i 
1' autre  implique  la  sortie  plus  ou  moins  rapide. 

Dans  le  domalne  des  gouvernes  oO  la  vrille  se 
maintient,  les  prlnclpales  caractAristiques  de  la 
vrille  sont  comprises,  selon  le  braquage  des  gouvernes, 
entre  6 * -45°  et  -70°  avec,  respect ivement, 

O'1  * 2.5  et  1.7  seccndes  par  tourtgrandeur  avion). 

Le  rayon  de  vrille  est  de  l'ordre  du  m&tre. 

L'bjsiette  transversale  est  comprise  dans  le  comaine 
d’ amplitude  * 20°  > la  valeur  depend  du  braquage  des 
ailerons. 


Fig.  2 - Attitudes  de  vrille 


Rarlm 


LES  RESULT  ATS  DE  CALCULS  (AVEC  METHODE  CLASSIQUE  DE  MESURES).- 


3.1  - Lee  coefficients  mesurds. 

Oans  les  Aquations  de  la  mAcanique  du  vol  appliquAes 
0 la  vrille,  nous  avons  cholsl  de  faire  apparaltre  les  compo- 
santes  aArodynamiques  sous  la  forme  sulvante  : 


(a.p 


► x a 

da 


Cs  est  la  valeur  pour  oc et  p constants  (terms 
statlque).  *1  est  compost  du  terms  mesurA  toutes  gouvernes 
au  neutre,  et  das  efficacitAs  de  gouvernes  utilisAes  pour  le 
calc-ul. 

Les  autres  termes  sont  les  actions  sur  C des 
vltesses  angulalres  (termes  instattonnaires) . Ils  sont,  eux 
aussl,  donnAs  pour  oc  et  p constants. 

La  figure  3 donne  la  lists  des  coefficients  mesurAs 
ontr-tPt  dsns  Is  ccrpcsiticr;  des  ccrripcrsntcs  c6rcdyr.s.T.iquss« 

Le3  coefficients  stationnaires  ont  AtA  mesurAs  A 
1'i.M.F. Lille  dans  la  soufflerie  horizontals  de  2,40  m de 
diamAtre.  C'est  la  maquette  de  vrille  lnltialement  ossayAe 
en  soufflerie  verticals  qui  a servi  aux  mesures.  Son 
envergure  est  de  0.74  m.  Elle  Atait  montAe  sur  un  support 
spAclal  qui  permet  de  fairs  verier  1’ incidence  de  0*4  90°  et 
le  dArapage  de  -90°  A *90°,  en  dAplagant  A peine  le  centre 
de  la  maquette.  Pour  cheque  couple  (OC,p),  A la  sult3  des 
mesures  faltes  gouvernes  au  nejtre,  et  sans  arrAt  de  la 
soufflerie,  les  efficacltAs  de  gouvernes  Ataient  mesurAes 
aprAs  dAclenchement  de  ces  gouvernes.  Le  domalne  oc  (5 
explorA  etait  celui  des  vrllles  'lbres,  solt  20°  ^ (x  4 60° 
et  -20°  < J5  4 20°. 


MOMENTS 
Cl  Qgl  C|Sn 

CmSm+_,Cmgm_ 

Cn  Cny  CnJn 

FORCES 

Cx  CxSm+  QcSm- 

Cy 

DERIVEES  AERODYNAMKXJES 
C|p  Qr 


^mq 

Cnr 


-np 


Fig.  3 - biete  dee  coefficients 
adrodynamiquee  meeurde. 


En  ce  qui  concerns  la  mesure  des  dAr'vAes  par- 

oscillations  forcAes,  falte  Agalement  en  soufflerie  horlzontale.  le  disposltlf  lrrposant  les  oscillations 
a AtA  rnontA  sur  le  support  dAJA  citA.  Les  dArlvAes  n'ont  AtA  calculAes  - en  fonction  de  PC  et  B - que 
pour  la  configuration  toutes  gouvernes  ou  neutre.  A priori,  nous  avons  cholsl  de  mesurer  6 coefficients 


dArivAs  : 3 coefficients  d’amortlssement 


et  2 dArlvAes  crolsAes 


et  C 


Ip  ' mq  ’ Lnr  ' " ' ’ ~lr  "np 

Notons  que  toutes  les  mesures  mentlonnAes  dans  cette  Atude  ont  AtA  faltes  eu  mgme  nombre  de 
Reynolds  que  celul  de  la  vrille  libre  de  la  maquette.  tr,  effet  : c’est  la  r,8me  moquette  aul  a servi  aux 
essals  et  aux  mesures.  Oe  plus,  pour  les  mesures,  la  vltesse  du  vent  Atait  Agale  A la  vltesse.  moyenne  de 
chute  do  la  maquette  Cendant  la  vrlile. 
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3.2  - Riaultats  de  oaloula  fair. 8 avea  lee  coefficients  meeurdt. 

Dans  un  premier  temps,  iss  coefficients  aGrodynamiques  statiques  et  d&rlvGs  ont  GtG  introduits 
bruts  dans  le  calcul.  Dans  ces  conditions,  des  sorties  Gnergiques  en  moins  d'un  quart  de  tour  ont  GtG 
obtenues  pour  la  totality  des  combinaisons  discretes  des  gouvernes,  sauf  pour  une  sei’le,  pour  laquelle  la 
direction  - gouverne  prGpondGrante  - est  pro-vrille.  Dans  ce  cas,  le  phGnom&ne  calculG  Gtait  une  vrille 
piquGa  et  peu  raplde  : 


0 ■ -70°  Q 1 - 2.7  s/tr  R;  5 m 

alors  que  la  Grille  libre  rGelle  Gtait  : 

0 - -60°  Q'1  - 2.2  s/tr  Rd1.5« 

Par  rapport  aux  rGsultats  de  vrilles  libres,  11  y a done  eu  un  glissement  gGnGral  tr&s  marquG 
des  rGsultats  de  calculs.  Ce  glissement  est  dGfavorable  au  maintien  de  la  vrille. 


3.3  - Rdeultato  de  calcule  faite  avea  coefficients  corrigie. 


Afln  de  tenter  de  compr°ndre  ce  glissement, 
nous  avone  rssayG  de  rechercher  1* effet  de  modifica- 
tions des  dGrivGes  dans  les  calculs.  action  sur  la 
vrille  est  chiffrGe  par  1’ influence  sur  I* incidence  oc, 
les  assiettes  longitudinale  0 et  transversals  <|>  . , 
et  la  vltesse  de  rotation  Q . J 

Pour  cela,  nous  avons  utillsG  comme  condi- 
tions lnltlales  de  calcul  la  seule  vrille  obtenue  par 
calcul  avec  les  coefficients  utilises  bruts. 

Des  modifications  successlves  ont  GtG 
apportGes  aux  valours  des  dGrivGes,  en  les  multlpliant 
sGparGment  par  -1,  0,  1 et  2.  Lorsqu'une  dfirivGe 
Gtait  modifiGe,  les  autres  dGrivGes  n'Gtaient  pas 
retauch&es.  Nous  avons  fait  ceci  dans  le  but 
d’Gtudler  un  large  domains  di  valeurs. 

Les  nouvelles  caractdrlatiques  de  vrilles 
obtenues  sont  donnGes  h la  figure  4,  en  fonction  du 
coefficient  multiplicateur. 

Sur  cette  figu-e,  nous  pouvons  constater 
que  lea  dGrivGes  crois  Cjr  et  C„p  ont  un 
effet  nul.  Par  contre,  ies  termes  d'amortissament 
Ci^  • ci»n  0t  cnr  ont  une  action  beaucoup  plus 
nette  sur  lea  caractGristiques, 

Notona  que  1 ' exploration  de  1' effet  du 
coefficient  multlpllcaieur  a GtG  faite  par  valeurs 
discretes  de  celul-cl.  En  tout  Gtat  de  cause, 
cette  exploration  n'a  pas  Gt6  faite  finoment,  et 
nous  avons  peut-Stre  pu  ainsl  passer  aj-dessus  de 
certains  ohGnomGnes  lnteressants.  Sous  cette  rests ivu, 
et  malgrG  des  modifications  importantes  apportGes  aux 
dGrivGes.  les  caractGristiques  de  la  vrillB  maquette 
n'ont  toujour#  pas  6tG  retrouvGes. 

II  y a eu  bien  d'autres  tentatives  de 
corrections  de  coefficients  mesurGs  dp  faqon  classique, 
mais  sans  rGsultat  intGressant. 


3.4  - Rieultate  de  calcule  faite  avea  tames 
eupp  Omen  tairea . 

Au  vu  des  rGsultat3  obtenus  aprGs  correction 
des  dGrivGes,  nous  sownes  passGs  i la  phase  suivarte 
des  travaux.  Les  coefficients  mesurGs  ont  GtG  remltt  & 
leur  valeur  exacts,  et  nous  avons  Introdult  dans  les 
calculs  d°s  coefficients  non  mesurGs,  mais  que  nous 
avons  estlmGs, 


Fig.  4 - Effet  eipart  dee  d&riviee  aircdynamiquee 

oc , 6 , et  Q . 


sur 


fmwmi 
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Fig.*  - Effet  du  C sur  lea  caroctirietiquee 
de  vrille.  mr 


Fig.  6 - Effet  du  C n but  lee  caractirietiquea 
de  vrille.  71 


3.1.1  - Introduction  d'un  C 

171  V 

Oons  un  premier  temps,  nous  avons  tenu  compte  de  ce  que,  pour  certains  avions  ayant  des  vrlllB3 
trE3  plates,  cette  attitude  ne  peut  Stre  observEe  en  soufflerie  vertlcale  que  si,  sir-. ItanEment , la 
Vitesse  de  rotation  de  vrille  est  forte.  O'-,  le  couple  centrifuge  de  tangage  devi6nt  nEgligaable  b cette 
attitude,  ce  qui  montre  1‘existence  d'un  Cm  aErodynamique  cabreur  du  b la  rotation.  Ceci  imposeralt 
d'introduire  un  Cmr  dans  les  calculs.  Arbltralrement , une  valeur  Equivalents  b tel  braquage  de  profondeur 
lui  a EtE  donnEe. 

Les  conditions  initiales  de  calculs  effectuEs  avec  le  Cmr  sont  celles  donnEes  par  la  seule 
vrille  obtenue  avec  les  seuls  coefficients  mesurEs  et  non  retouchEs.  En  partant  de  cette  vrille,  la  figure  5 
donne  l'Jnfiuen_e  du  Cmr  sur  les  caractErlstiques  princlpales  de  vrille. 

Rappelons  que  pour  la  mSme  combinaison  de  braquages  des  gouvernes,  la  vrille  initials  celculEe 
Etait  plus  piquEe  et  plus  le  .te  que  la  vrille  maquette.  Avec  1 ' introduction  du  C rr.r  > nous  sommes  parvenus 
b rectifier  l'attitjde  longitudinals  mais,  en  meme  temps,  d'autres  caractErlstiques  de  la  vrille  se  sont 
dEtEriorEes.  Ainsl,  le  rayon  de  vrille  qui  Etait  dEJE  de  5 nitres  lnitialement,  s’est  trouvE  encore  augmantE. 
Oe  plus,  la  vltesse  de  rotation  a dimlnuE. 

Les  nouvelles  voleurs  du  rayon  at  de  la  vltesse  de  rotation  Etaient  alors  devenues  telles  que  le 
phEnomEne  ne  pouvalt  plus  etre  as«1miia  A nno  ./rille  rEcllc. 


3.4.2  - Introauct.cn  d'un  C . 

TT.  \J 

Etent  donnE  que  dan?  i.ne  vrille  piquEe,  la  composante  r de  la  rotation  est  plus  faible  que  la 

composante  j)  , un  Cmp  a ensulte  EtE  introduit,  en  plus  du  Cm  .En  fait,  les  deux  coefficients  ont  EtE 

rEuni3  en  un  seul  : le  C _ . 

mfl 


Sur  la  figure  6,  l'effet  du  C „ , sur  les  caracneri3tiques  de  vrille.  est  reprEsentE. 

m 13 

Comme  nous  pouvons  le  constater,  1 ' amElioratir.n  espErEe  n'a  pu  Sere  acquise,  Les  phEnomEnes  obtenus 
sont  encore  comparables  b ceux  trouvEs  prScEdemmerit  : d39cente  en  liElice  b grand  *ayon  et  grande  incidence. 


L’excEs  de  la  valeur  du  rayon  fait  alo'-s  penser  que  d’autres  ccef  ? iric  its  seraier.t  encore  b ajouter 


mals  cette  fols-ci  sur  les  forces  : par  example  un  C, 


Zr 


"l  J1 


etc 


4 - MESURES  DE  COEFFICIENTS  EN  ROTATION  CONTINUE. - 


4.1  - Lee  motif e.  Lee  moyens  d'eeeaie. 

Lor9  des  mesure3  de  coefficients  par  Ja  mEtbode  cJSS3lque,  le  chomp  aErodyiiamique  environnant  la 
msquotte  eot  3eoai01ement  different  de  celt  1 qui  rEgne  au  coura  d'une  vrille  libre  : le  ebamp  sErodynamiaue 
Etabli  pr£3ente  do  tros  nettes  compnsantes  hEllcofdoles  dons  un  domaine  Etenu  ..utour  ce  1 ‘avion. 


£1  63 1 fondg  d'envisager  que  c'est  cette  diffgren- 
ce  qui  est  la  cause  princlpale  des  impossibilitgs  de  recou- 
pement  de  la  vrllle  llbre  par  le  calcul.  Si  nous  voulons  que 
les  mesures  des  coefficients  soient  representatives  des 
phgnomines,  il  faut  done  tenlr  compte  de  ces  champs  agrodyna- 
miqiies.  Or.  les  mesures  de  dgrivges  en  oscillations  foreges 
sont  incapables  de  cela,  attendu  que  le  champ  envirornant  ne 
peut  s'gtablir  alternatlvement  dans  les  deux  sens  au  cours 
d'une  pgriode. 

Afln  d'apprgcier  l’effet  de  la  rotation  continue, 
nous  sommes  alors  passgs  A des  mesures  en  rotation.  La 
maquette  ne  vrllle  de  l'avlon  gtudlg  prgegdemment  a gtg 
fixge  sur  un  axe  en  rotation  impnsge.  ues  coefficients 
agrodynamiques  globaux  ont  gtg  mesurgs  en  fonctlon  de  la 
vltesse  de  rotation.  Afin  de  ne  pas  parasiter  les  mesures 
par  la  pesanteur,  ces  essais  ont  gtg  falts  dans  la  souffle- 
rie  vertloale  de  4 m.  de  l'l.M.f-.l ille. 

II  est  bien  gvident  que  oe  n'est  pas  la  rotation 
elle-mreme  qul  doit  etre  prise  en  compte.  mats  la  forme  de 
l'hgllce.  Nous  utiliserons  lei  l'angle  T de  l'hglice 
dgcrite  par  l’extrgmitg  de  l'aile,  cornme  le  montre  la 
figure  7. 


Les  mesures  effectuges  sont  cell6s  des  coefficients 
globaux  de  forces  et  de  moments.  Elies  ont  toutes  gtg  faltes 
gouvernes  au  neutre. 

Toutes  les  mesures  dont  11  est  question  lei  ont 
gtg  effectuges  avec  un  rayon  de  vrllle  slmulg  nul. 


b.  envergure 

X .fan1  H b/2 
V 


4.2  - Lee  rieultata  de  meeuree. 

A partir  des  coefficients  stationnalres  et  des 

coefficients  dgrivg.  dont  il  a gtg  question  dans  les  p.  ? _ Mfinition  dg  v u v . 

chapitres  prgegdents,  nous  avons  reconstltug  les  coeffi- 
cients globaux  que  nous  aurions  du  avoir  au  cours  d'une 
rotation  continue.  Ces  coefficients  globaux  ont  gtg 
compargs  £ ceux  ef fectlvement  mesurgs  avec  la  mgthode  par 
rotation  continue. 


La  vrllle  gtant,  en  premigre  approximation, 

une  affaire  de  moments,  nous  commencerons  la  comparaison 

avec  les  coefficients  de  moments.  Dans  les  calculs  foits 

avec  les  coefficients  statlques  et  dgrlvgs,  un  cmortls- 

sement  trgs  net  de  la  rotation  avalt  gtg  conststg.  Aussi 

cornnencerons-nous  la  comparaison  avec  le  C . 

n 


4.2.1  - Etude  du  Cn  . 

La  figure  8 reprgsente  le  rapport,  A p nul, 
entre,  d'une  part  le  Cn  mesurg  en  rotation  et,  d'autre 
part  le  Cn  global  reconstltug  4 partir  du 
stationnalre  - qui  est  nul  4 p zgro  - et  des  coeffi- 
cients derives  mesures  par  osciliotiuns  fuiunns.  Cntrs 
les  deux  bandes  grlses,  se  trouve  le  domaine  de  1* angle 
d'hgllce  f des  vrllles  de  la  maquette.  Nous  constatons, 
entre  le  Ca  mesurg  et  celul  reconstltug,  un  rapport  qui 
peut  8tre  trgs  glevg.  Par  exemplo,  pour  une  Incidence  de 
40°,  le  rapport  est  de  l'ordre  de  15  et,  pour  des  atti- 
tudes encore  plus  platet,  ce  rapport  peut  attelndre  40. 

Nous  pouvons  ggalement  constater  que,  sur  cette 
composante,  les  rgsultats  ne  sont  pa?  llnialres  vls-A- 
vis  de  1 ’ incidence. 


Fig. 8 - Rapport  dee  globaux 
meeurt  et  reoonetitui. 
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La  figure  9 correspond,  toujours  pour  le 
meme  coefficient,  4 une  seule  incidence,  OC  * 40®, 
pour  un  domaine  de  dferapage  allant  de  -20®  £ *20°. 
La  courbe  centrale  est  la  courbe  sup6rleure  de  la 
figure  prftc6dente.  Nous  pouvons  remarquer  que  les 
fichelles  utilisfies  ont  dil  Stre  tr&s  diff6rentes. 

L' ensemble  des  courbes  montre  que  le  rapport  des 
valeurs  entre  les  deux  m^thodes  est  tr&s  largement 
fonction  du  dirapags,  de  fa?on  quasi-lin6aire. 


La  figure  10  donne  Involution  du  Cn  en 
fonction  de  •:  et  du  dSrapage.  Sur  cette  figure,  est 
trac6e  la  courbe  iso  Cn  • 0 qul  donne  la  valeur  du 
dSrapage  en  fonction  de  C , autour  da  laquelle  le 
moment  de  lacet  cnange  de  slgne. 


Fig. 9 - Rapport  dee  globaux 


Enfln,  notc.ns  qu’A  dfirapage 
nul,  les  valeurs  provenent  de  la 
methods  classlque  ne  contiennent  que 
celles  des  d6riv6es  Cnp  et  Cnr 
(C n stationnalre  » 0)  et  qu'll  est 
difficile,  pour  autant  que  oc  est 
diff6rent  de  0®  at  de  90®,  de  d6flnir 
s6par6ment  les  v£ritables  C,ip 
et  Cnr  A partir  des  donn6es  de  la 
balance  rotative. 


Fig . i 0 


Evolution  du  C 

n 

fonction  de  f et 


en 

P ’ 


Domain* 
de  vrille 


4.2.2  ~ Etude  du  C * 

En  ce  qul  concerne  le  tangage,  la  figure  11 
rjprfesente,  d d6rapage  nul,  le  rapport  entre  le  Cm 
mesur6  en  rotation  et  le  Cm  stati onnaire.  Sur  la 
figure,  l’effet  de  la  rotation  est  compart  A celui  de 
la  profondeur  lorsque  celle-ci  passe  de  "neutre"  d "a 
fond  h piuuer"  pour  Q et  p ouls. 

Nous  temarquons  due  1’effet  de  la  rotation  sur 
le  dimlnue  pour  OC  * 60®.  I)  pourrelt  mftme  vraisem- 

blablement  dovenir  nul,  puis  changer  de  signe  pour  des 
incidences  sup6riei;res,dev*ne.)t  ainsi  cabreur. 


Fig.  j;  - Effat  de  la  rotation  but  le  C . 


II  faut  notsr  qu‘4  dErapage  nul,  l’Scart  entre  le  global  et  le  Cm  stationnaire  correspond 
4 du  Cmp  et  du  Cmr  qui  n'Stalent  pas  mesurEs  4 priori. 

Les  diffErences  sont  done  beaucoup  moins  lmportantes,  de  faqon  relative,  que  prEcEdeircnent  pour 
le  Cn  , mais  le  Cm  est  loin  d'fitre  nul,  alors  que  le  C ^ Etait  forcEment  petit. 


Balance 

rotative 

global 

CeQ,»*5Lj. 


Cjprivaos 

oerodynamiques 

oo<=«r 

. 

AHeestlerieure 
-- — haiie 


/3=-1C* 


Sur  la  figure  12,  les  Evolutions  des  Cm 
globaux  pour  dlffErents  angles  de  dErapage  ont  EtE 
comparEes  au  stationnalre.  pour  une  m6me 

Incidence  K * 40°.  Les  courbes  correspondent  au  Cm 
global  reconstituE  4 partir  des  mesures  classlques 
sont  soit  au-dessus,  soit  au-dessous  des  courbes 
des  mesures  en  rotation.  II  y a done  des  inversions 
dB  signe  de  correction  vis-4-vis  du  dErapage,  corrme 
ce  fut  le  cas  prEcEdemment  avec  le  C*  . 


5 Aile  exleneure 
^ basse 


ip=-20* 


Fig.  12  - Comparaiaon  des 


globaux 


me sur 6 et  reconetitui. 


o*  xr 


30*  Z 


La  figure  13  donne  1 'Evolution 
du  Cm  en  fonction  de  X et  du  dErapage. 
Elle  fait  ressortir  une  inversion  de  sens 
de  leurs  e'fets  respectifs. 


Fig.  12  - Evolution  du  C_  en 

m 


fonation  de  T et 
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4.2.3  - Etude  du  Cj 

£nfin,  sur  le  C|_  . nous  pouvor3  encore  noter, 

figure  14,  des  Scares,  mais  qul  pa^aissent  moindres 
que  pour  le  CR  . Par  contre,  11  y a des  Inversions  de 
signe,  mSme  4 derapage  nul,  et  pour  des  Incidences  et 
des  valeurs  de  T tr&s  vralsemblobles  pour  une  vrllle. 


4.2.4  - Etude  du  C et  du  C^. 

Rappelons  que  la  methods  de  mesures,  dlte 
classlque,  n'offralt,  pour  les  forces,  que  des  coef- 
ficients statlonnalres. 

Sur  la  figure  15,  apparaissent  directement 
les  pourcentages  de  variation  du  en  fonctlon  de 

la  rotation.  Si  4 30°  d' incidence,  les  6carts  sur 
le  Cx  sont  en  moyenne  nuls,  par  centre,  pour  une 
Incidence  sup6rleure,  le  Cy  en  rotation  deviant  plus 
faible.  Rappelons  lcl  que  le  trl&dre  de  reference 
est  le  trlddre  avion. 

Sur  le  enfin,  figure  16,  nous 

observons  des  variations  similalres  4 celles 
sur  le  Cy  . mais  de  sens  contraire. 


4.3  - Conclusions  relatives  aux  mithodee  de  mesures. 


Fig. 14  - Rapport  des  Cj  globaux 
mesuri  et  calculi. 


La  comparaison  des  valeurs  de  coefficients 
de  moments  en  fonctlon  de  la  rotation,  les  unes 
provenant  de  mecjres  direct es,  les  autres  6tant  de  la 
reconstitution  4 partlr  de  mesures  en  statlonnalre 
et  en  “instatlonnaire",  montre  un  6cart  important 
entre  les  r6sultats  des  deux  mfithodes.  Cela  pourrait 
fournir  une  explication  quant  aux  impossibilit6s  de 
retrouver  par  le  calcul  - avec  coefficients  sans 
rotation  - les  caractfiristiques  de  la  vrllle  r6elle. 

D'autre  part,  la  prise  en  uompte  simultan^e 
des  variations  sur  le  et  le  Cj;  explique 

directement  les  hearts  dont  11  a 6t6  question  plus 
haut,  relatifs  aux  rayons  de  vrllle. 


Fig.  IS  - Variations  du  en  fonction  de 
la  rotation. 


d»  vnH® 


4,4  - Application  des  me3ures  en  rotation  aux  calculs. 

Rappelons  que  les  mesures  en  rotation  rel*t6es 
ici  ont  ete  faites  tcutes  gouvernes  au  neutre.  Pour 
cette  combinaison  de  braquages  de  gouvernes,  en  soufflerle 
verticals,  4 partlr  d’un  lancer  de  maquette  fait  avec 
des  conditions  lnitiales  tr4s  voislnes  d'une  vrllle  stabi- 
lises, une  sortie  en  3 tours  a 6te  observes. 


Fig.  16  - Variations  du  en  fonction  de 
la  rotation. 


Domoint 
de  vrille 
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Pour  1 ’utilisation  des  mesures  en  rotation  continue  dans  les  calculs,  nous  avons  choisi  de  donner 
comma  conditions  initiales  du  calcul,  celles  imposAes  A la  maquette  au  moment  du  lancer.  Le  calcul  a alors 
donn6  un  rAsultat  trAs  voisin  de  celui  de  soufflerie.  Ilya  done  une  trAs  nette  amelioration  du  recoupement 
lorsque,  peur  le  calcul,  les  coefficients  mesurAs  en  rotation  sont  utilises,  sans  mfime  ajouter  de  nouveaux 
termes. 


Nous  avons  alors  e3sayA  d’introduire  le  braquage  pro-vrille  d’une,  puis  de  plusieurs  gouvernes 
afin  de  recouper  des  vrilles  stabilisAes  de  la  maquette.  Les  seules  efficacitAs  do  gouvernes  pouvant  Atre 
introduites  dans  les  calculs  ont  AtA  celles  mesurAes  sans  rotation,  n statlonnaire  i toutefois,  nous  avons 
tenu  compte  de  1‘ incidence  et/ou  du  dArapage  gAomAtriques  locaux  A cheque  gouverne  pendant  la  rotation. 

Oans  ces  conditions,  pour  des  combinaisons  de  gouvernes  dlv^rses  mais  toujours  pro-vrille,  il  n’a  pas  AtA 
possible  de  retrouver  exactement  le  caractAre  des  vrilles  libres.  Toutefois,  la  vrille  se  maintenant,  ce 
qui  Atait  une  nette  amelioration  par  rapport  aux  rA3ultats  de  calculs  felts  uniquement  avec  les  coefficients 
provenant  de  la  mAthode  classique  d6  mesures,  avec  lesquels,  rappelona- le,  pour  les  mAmes  conditions  de 
gouvernes,  il  y avait  refus  de  vrille. 

Ilya  done  encore  une  certaine  difficult^  de  recoupement  qui  semble  poovoir  6tre  attribute  au 
fait  que  les  efficacitAs  de  gouvernes  n'ont  pas  AtA  mesurAes  en  rotation  continue. 


£ - CONCLUSIONS. - 


La  premiAre  conclusion  que  l'on  peut  tirer  de  cette  Atude  est  qu’il  est  nAcesseire,  pour  un 
calcul  correct  de  la  vrille,  que  les  coefficients  soient  mesurAs  sur  maquette  en  rotation  continue.  Ces 
mesures  dolvent  lnclure  les  efficacitAs  de  gouvernes,  elles-mime  tres  affuctAes  par  l’Acoulement  gAnAral. 

Toutes  ces  mesures  doivent  etre  impArativement  effectuAes  pour  la  seule  prAvision  des  vrilles 
trAs  calmes. 

Mais  ces  mesures  sont  encore  insuff isantes  si  nous  voulons  prendre  en  considAration  tous  les 
types  de  vrilles  possibles.  Alnsi,  la  vrille  des  avions  d'armes  est,  A l'inverse  de  celle  des  avlons 
lAger«,  le  plus  scuvent  trAs  agitAa.  Pour  t9nir  compte  des  agitations  dans  les  calculs,  11  faudrait 
vraisemblablement  faire  des  mesures  an  oscillations  forcAes  au  cours  d’un  mouvement  en  rotation  continue, 
comme  nous  somrnes  obligA?  de  faire  des  mesures  en  oscillations  forcAes  peur  etudier  les  petits  mouvements 
autour  d'un  vol  rectiligne. 

Enfln,  toutes  ces  mesures,  y comprls  celles  en  oscillations  forcAes,  et  tous  ces  calculs, 
supposant  A tout  moment  1 ’ Acoulement  permanent  gAnAral  ttabli.  Or,  3i  nous  envisageons  l'Atude  d’une 
vrille  trAs  agitAe,  A agitations  amples  et  rapides,  il  faudrait  encore  pouvoir  introduire  des  termes 
lnstatlonnaires.  qui  tiennent  compte  de  l’Atablissement  des  Acouiements,  comme  nous  sommes  obllgAs  de 
le  faire  dans  le  calcul  de  la  rAponse  d'un  avion  A le  traversAe  d’une  rafale. 
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1.  SUMMARY 

This  paper  describes  the  experimental  work  carried  out  at  Aeronautica  Macchi  since  1950  in  the  field  of  wind  tunnel  investigation  of 
stall  behaviour,  in  the  evaluation  of  the  characteristics  of  lateral  control  devices  in  the  measurement  of  the  aerodynamic  coefficients  to 
determine  lateral-directional  stability  and  the  analytical  study  of  the  spin. 

This  research  has  required  the  development  of  special  test  equipment,  measurement  methods  and  calibration  systems. 

The  purpose  of  this  paper  is  to  provide  a description  and  data  on  the  test  equipment  adopted,  us  use  and  some  of  the  results  obtained 


Z SYMBOLS 


The  stability  axes  system  is  used  as  reference  for  the  measurement  of  the  moment  coefficients  in  the  wind  tunnel 

The  wind  axes  system  is  considered  as  reference  in  the  study  for  the  determination  of  the  equilibrium  of  the  aircraft  moments  in  the 

spin. 


A,  B,  C 

A.R. 
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Co 


C, 


Cl 
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Cy 
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N..  N„  N, 
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P.  d.  r 

R 

S 

t 

U,  T,  S 
V 

w 

X.Y.Z 


moments  of  inert u.  about  aircraft  X.  Y.  Z axes,  respectively 
aspect  ratio 
wing  span 

drag  coefficient:  — — Brc" 

n p V 5 


rolling  moment  coefficient. 


%p  V1  Sb 


lift  coefficient: 


L 

V*  p V1  S 


pitching  moment  coefficient: 


yawing  moment  coefficient: 


M. 

%'p  Vs  S b 

N, 

Vi  p V’  S b 


SidS'fOfC?  ro*ff irifr.t  ■ 


% P V 


T 


aerodynamic  drag 

force  acting  along  Y body  axis 

acceleration  d'-e  to  gravity 

aerodynamic  lift 

rolling  moment 

pitching  moment 

yawing  moment 

aircraft  mass 

components  o>  angular  velocity 
radius  of  spin 
aircraft  wing  area 
time 

spin  exes  (see  figure  14) 

velocity  of  aircraft  center  of  gravity  (resultant  velocity  of  components  u.  v,  w along  X,  V and  Z a res,  respectively) 
aircraft  weight 
aircraft  body  axes 


inppi  III  !W » ,MI  U 'I  u.  1. 
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aircraft  angle  of  attack 
angle  of  sideslip 

control  surface  (or  flap)  deflection 
air  density 

rate  of  rotation  around  spin  axis 
spin  parameter 
helix  angle 
wvmg  tilt  angle 


Suffixes: 

a 

e 

i 

f 

r 

I 

sp 


aileron  or  aerodynamic 

engine  (gyroscopic  couple)  or  elevator 

inertial 

flap 

right  or  rudder 
left 

spoiler 


3.  REASONS  FOR  WIND  TUNNEL  TESTING  WITH  ROTATING  BALANCES 
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For  the  study  of  the  aircraft  motion  during  manoeuvres  or  in  special  conditions  such  as  stall  and  spin,  it  is  necessary  that  aerodynamic 
coefficients  and  their  derivatives  be  known.  For  the  conditions  below  the  stall  in  the  linear  or  quasi  linear  range,  a theoretical 
calculation  can  still  be  carried  out,  although  the  interference  phenomena  may  render  these  calculations  rather  doubtful,  but  as  far  as  the 
conditions  at  and  beyond  the  stall  are  concerned,  the  theoretical  calculations  aie  often  unreliable. 

Only  wind  tunnel  testing  can  provide  reliablf  data,  though  the  effects  of  the  Reynolds  number  and  of  the  transition  points  may  be  quite 
important. 

Of  particular  interest  is  the  determination  of  the  rotary  derivatives,  which  are  highly  affected  by  nonlmearities,  and  whose  theoretical 
determination  by  the  Handbook  rr  ihods  can  be  affected  by  large  errors  To  this  purpose,  the  use  of  a rotating  balance  allows  the 
experimental  determination  of  .he  rotary  derivatives  with  a relatively  large  model  and  with  good  accuracy  The  independent 
measurement  of  the  various  components  it  also  very  important  for  flight  dynamic  calculations,  while  other  methods  (free  flight  spin 
tunnels  remotely  controlled  models)  allow  only  global  verification  of  the  aircraft  behaviour.  The  method  is  not  new  (see  for  example 
ref  t and  2),  but  the  continuous  unpi cements  provided  by  the  modern  instrumentation  and  computing  equipment  may  be  of  interest. 


FIGURE  1 

WINDMILLING  BALANCE 
CGIROUETTE") 


. 

; 

i 


4.  TESTING  EQUIPMENT  USED 

Since  1950,  different  types  of  rotating  balances  have  been  successively  built  at  Aeronautics  Macchi,  from  the  simple  "girouette" 
(windmill)  shown  at  fig.  1 to  the  balance  capable  of  measuring  all  six  components,  as  shown  at  fig.  5, 6. 

With  this  equipment,  continuous  experimental  work  has  been  developed  in  past  years  both  on  aircraft  designed  by  Aeronautics  Macchi 
and  on  collaborative  programs  such  as  the  military  transport  Aeritalis  G222,  the  MRCA  and  the  Bandeirante  EMB-120  on  behalf  of 
Embraer  ■ Brasil. 

The  balance  illustrated  at  fig.  2 was  first  used  in  1956  for  the  analytical  study  of  the  spin.  The  radius  of  the  spin  was  reproduced  on  this 
balance,  and  the  moments  acting  around  the  spin  axis  and  a yaw  axis  normal  to  it  were  measured.  The  model  was  mounted  w>th  the 
possibility  of  variation  of  pitch  and  tilt  angles.  The  method  adopted  for  this  study  is  described  in  paper  ref.  3. 

Later  a new  type  of  rotating  balance  has  been  built. 

Most  of  the  experimental  work  has  been  conducted  using  this  equipment,  illustrated  at  fig.  3, 4.  The  model  has  a max.  wing  span  of  up 
to  m 1 .30,  the  max.  rate  of  rotation  reaches  150  rpm  corresponding  to  a max.  value  of  pb/2V  of  0.28. 

The  wind  speed  is  40  to  50  m/sec.  The  Reynolds  number  is  between  600,000  and  750,000. 

The  rate  of  rotation  can  be  changed  with  continuity.  The  strain  gauges  in  the  balance  permit  the  measurement  of  the  coefficient  ot 
pitching  moment  Cm , tne  rolling  moment  Ci.  the  yawing  moment  C„  and  the  side -force  Cv. 

The  lift  and  drag  coefficients  are  assumed  to  be  obtainable  with  fairly  good  approximation  from  fixed  model  tests. 

With  this  equipment,  the  tests  have  a'ways  been  performed  with  the  roll  axis  passing  'hrough  >he  aircraft  C.G.  (the  radius  of  spin  is  not 
represented). 

The  sideslip  angle  has  been  introduced  by  means  of  a sprocket  fitted  to  the  model  supporting  bar.  The  indication  of  the  strain  gauges 
fitted  on  the  rotating  arm  are  collected  via  a 36-channel  slip  ring  collector,  processed  by  a measuring  chain  and  perforated  on  paper 
tape. 

This  tape  is  then  processed  in  a Philips  880  digital  computer  and  the  results  are  directly  displayed  by  a plotter  Calcomp  Mod.  936.  The 
precision  of  the  measuring  system  and  the  repeatab.lity  of  the  results  have  been  confirmed  in  a fully  satisfactory  manner. 

More  recently  a new  improved  rotating  balance  has  been  built  which  permits  to  measure  all  six  components  and  to  simulate  the  radius 
of  the  spin 

The  equipment  is  illustrated  at  figs.  5 ana  6 and  has  been  designed  to  allow  a rather  large  rar/ius  of  spin  and  a pitching  attitude  up  to 
90°  (flat  spin).  For  this  purpose,  a circular  rat1  has  been  provided  to  react  to  the  centrifugal  force  on  the  model.  This  eliminates  the 
elastic  distortion  effect  of  the  supporting  arm. 


5.  CALIBRATION  ME  EHODS 

A comment  on  the  calibration  methods  adopted  may  be  of  mteiest. 

The  models  used  for  the  tests  are  built  with  geometrical  similarity  only  All  measurements  are  therefore  to  be  co-rected  for  the  effect  of 
weight  ar.d  moments  of  inertia  of  the  model. 


FIGURE  3.  FOUR  COMPONENTS  ROTATING  BALANCE 


The  effect  of  the  forces  due  to  weight  varies  sinusoidally  during  one  complete  revolution.  In  order  to  remove  this  effect,  it  is  necessary 
to  integrate  over  one  revolution  all  the  balance  measurements  this  is  automatically  done  by  the  measuring  chain 
The  effect  of  the  model  moments  of  inertia  is  measured  by  rotating  th*  model  in  the  absence  of  wind.  These  results  are  however 
affected  by  the  air  moved  by  the  model.  This  effect  can  be  easily  measured  both  for  the  roll  and  yaw  axes  by  rotating  the  model  with 
no  yaw:  <n  thit  condition  the  inertial  couples  around  the  roll  and  yaw  axis  are  zero  and  therefore  it  is  only  the  aerodynamic  effect 
which  is  measured. 

A particularly  critical  aspect  of  the  setting  up  is  the  calibration  of  the  6 component  balance. 

Above  all  it  is  necessary  to  ensure  that  each  comporent  is  not  affected  by  mutual  influences,  viz  that  the  force  or  moment  acting  in 
one  plane  does  not  induce  false  indications  in  the  other  planes. 

It  may  be  of  interest,  from  the  experimental  viewpoint,  to  describe  the  method  and  equipment  used,  as  illustrated  at  figure  7 

On  the  misting  bilance,  the  model  is  ‘......ued  by  a sphere  on  which  many  meridian  planes  are  carefully  traced.  To  these  meridian 

planes  there  can  be  applied  tangential  forces  or  moments  of  which  the  components  along  the  balance  axes  are  known  with  precision.  An 
accurate  calibration  of  each  single  component  is  thus  possible  as  well  as  the  check  of  any  cross  reading  on  the  other  axes. 
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6.  VISUALIZATION 

An  interesting  aid  to  the  development  and  inteipretation  of  the  tests  proved  to  be  a TV  camera  fitted  on  the  rotating  arm  and  recording 
on  video  tape.  This  permits  a visual  analysis  of  the  behaviour  of  wool  tufts  applied  to  the  model  and  the  observation  of  phenomena 
which  would  otherwise  go  undetected. 

The  visualization  of  the  flow  is  an  efficient  means  fof  the  interpretation  of  the  complex  phenomena  that  take  place  in  stall  conditions 
and  at  attitudes  beyond  the  stall. 

Visualization  has  proved  to  be  very  useful  and  sometimes  indispensable  to  identify  aerodynamic  hysteresis  phenomena.  In  one  instance 
it  proved  to  be  of  great  practical  use  in  revealing  the  instability  conditions  existing  in  the  flap  slot  r'  a transport  aircraft.  The  instability 
phenomenon  was  removed  by  a minor  modification  to  the  slot  duct. 
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7.  TYPES  OF  INFORMATION  AND  OBTAINABLE  DATA 

Attitudes  below  the  stall 

a.  Measurement  of  C|  and  C„  with  and  without  sideslip. 

b.  Measurement  of  C|  and  C„  due  to  aileron  deflection  as  function  of  pb/2V. 
c Flow  visualization. 

Ail  components  of  the  forces  and  moments  can  be  measured 


FIGURE  4.  MEASURING  ARM 


rr 


8-7 


FIGURE  7. 

SPHERE  FOR  FORCE 
TRANSDUCERS  CALIBRATION 
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St«ll  attitudM 

a.  Aircraft  stalling  behaviour;  visualization  of  the  stall  propagation  with  increasing  or  decreasing  pb,2V. 

Discovery  and  study  of  hysteresis  phenomena. 

b.  Measurement  of  C,  and  C„  as  a function  of  pb/2V,  autorotation  and  damping  with  and  without  sideslip. 

c.  effects  of  ciefiection  of  the  aneronsano  lateral  control  devices. 

Attitude*  beyond  the  nail 

a.  Exploration  of  the  attitudes  beyond  the  stall,  including  estimated  spin  attitudes. 

b.  All  tests  considered  in  the  preceding  parag'aphs  can  be  repeated  to  explore  in  detail  the  evolution  of  the  autorotation  a~d  damping 
characteristics  and  the  var’  tion  of  the  lateral  directional  stability  coefficients 

Tens  for  tlie  analytical  ttudy  of  the  (pin 

In  order  to  develop  an  analytical  study  of  the  spin  in  accordance  with  the  method  of  ref.  3,  the  coefficients  obtained  from  the  tests 
with  zero  radius  of  spin  can  be  used  in  first  approximation. 

Onoe  the  attitudes  and  ranges  of  possible  spin  development  have  been  identmed,  the  tests  may  be  repeated  hy  introducing  >n  the 
balance  the  calculated  radius  of  spin. 

With  the  availability  of  this  new  aerodynamic  information,  it  is  possible  to  develop  a more  detailed  study  of  the  probable  spin 
conditions,  in  addition  to  the  spin  entry  and  recovery. 


8.  EXAMPLE  OF  PRESENTATION  OF  THE  EXPERIMENTAL  RESULTS 


A few  examples  of  oresentation  of  the  obtained  data  are  given  hereafter. 

At  fig.  8 is  given  the  rolling  mornen*  due  to  the  rate  of  roll  as  a 'unction  of  pb/2V,  for  different  angles  of  attacx  a.  An  autorotation 
sector  and  a damping  sector  are  perceivable. 
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It  is  noted  that  at  small  angles  of  attack  a the  moment  is  damping  but  it  becomes  less  damping  as  a increases. 

For  a ^ 12"  and  pb/2V  = 0.12,  a discontinuity  is  experienced  due  to  locttl  stall  on  the  down-going  wing.  For  a = 14°  (corresponding  to 
the  stall  in  static  conditions)  this  discontinuity  increases  and  between  pb/2V  = 0.06  and  pb/2V  = 0.1  an  autorotation  range  is  present. 
At  larger  angns  of  attack,  the  autorotation  range  broadens,  indicating  the  like-'ihood  of  an  incipient  spinning  condition. 

At  fig.  9 is  given  the  effect  of  the  aileron  deflection  in  favour  of  the  turn,  at  constant  incidence. 

It  should  be  noted  that  with  increasing  aileron  and  spoiler  deflection,  the  achievable  rolling  moment  does  not  increase  proportionally  to 
the  deflection;  the  steady  rolling  velocity  can  also  be  established. 

At  fig.  10  is  given  the  variation  of  the  rolling  moment  at  vsrious  incidences  with  a given  aileron  deflection. 

Diagrams  similar  to  those  in  figures  8,  9 and  10  (which  refer  to  a transport  aircraft  with  4R  = 8)  allow  a full  study  of  the  lateral 
controllability  and  an  analysis  of  possible  problems  at  the  npproach  of  the  stall. 

Fig.  1 1 and  12  refer  to  a STOL  aircraft  with  rectangular  wing  with  AR  - 7.5. 

Fig.  11  shows  the  influence  of  stall  propagation  on  the  rolling  moment.  Abrupt  ranges  in  the  rolling  moment  are  caused  by  partial 
stalls  on  different  areas  of  the  highly  twisted  wing. 

Fig.  12  shows,  for  the  same  aircraft,  the  effects  of  hystentsis  on  the  recovery  from  autorotation-  although  undoubtedly  affected  by 
Reynolds  number  considerations,  the  presence  of  this  type  of  phenomenon  might  indicate  the  existence  of  more  than  one  equilibrium 
condition  in  the  spin. 

To  make  these  discontinuities  apparent  and  locate  them,  the  visualization  method,  as  discussed  before,  ha:  been  very  effective. 

Fig.  13  refers  to  a model  with  a 25°  sweptback  wing  with  AR  = 5.  The  angle  of  attack  is  a = 8°  and  24°. 

The  C|  is  damping  for  all  experimented  values  of  pb/2V  for  a = 8°,  but  beyond  the  stall  at  a = 24°,  the  roil  damping  is  very  low,  and 
there  is  an  autoration  conation  above  pb/2V  = 0.085. 

At  fig.  13  is  also  given  the  pitching  moment  coefficient  C,„ . It  is  interesting  to  note  that  the  pitching  moment  coefficient  Cm  is 
relatitely  unaffected  by  pb/2V. 


9.  ANALYTICAL  STUDY  OF  THE  SPIN 

As  mentioned  in  paragraph  7,  the  rotating  balance  provides  the  aerodynamic  information  requited  to  develop  an  analytical  study  of  the 
spin,  spin  entry  and  recovery.  The  method  has  been  dealt  with  in  reference  3. 

The  application  of  this  method  to  the  MB-326  aircraft,  tne  satisfactory  spin  behaviour  of  which  has  been  thoroughly  proven  in  flight,  is 
described  here. 

In  this  method,  the  spin  is  considered  steady  and  is  reduced  to  the  diagram  of  figure  14.  Transient  phases  and  oscillating  spin  conditions 
are  obtained  as  discussed  latei . 

The  aircraft  rotates  with  steady  angular  velocity  u around  the  spin  vertical  axis  U with  a radius  R mecsured  to  the  center  of  gravity, 
with  an  angle  of  attack  a and  an  angle  of  tilt  6 . 

In  the  steady  spin,  the  resultant  of  the  aerodynamic,  and  inerti-i  forces  must  lie  in  the  plane  formed  by  the  body  axis  Z and  the  spin  axis 
U. 


FIGURE  10.  LATERAL  CONTROL  FOMfR.  VARIABLE  INCIDENCE 
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FIGURE  13.  VARIATION  OF  ROLL  DAMPING  AND  Cm  WITH  INCIDENCE 


F(y- a steady  spin  condition  to  be  obtained,  all  forces  and  moments  must  be  balanced  out. 

Fcr  the  balance  of  forces,  it  is  necessary  to  have: 

W = 0*=  KpSV'Co 
“ R = L = VSp  SV5  CL 

Fy  = 0 

For  the  balance  of  moments,  it  is  necessary  to  have: 

L*  + Li  + L,  = 0 

M,  t M,  i M,  • 0 

N.  + N,  + N,  - 0 

The  abo«  equations  can  be  solved  for  all  possible  combinations  of  inertial  and  aerodynamic  configurations,  controls  surface 
deflections,  etc.,  to  find  all  tho  possible  spin  regimes.  However,  this  method  requires  a very  extensive  computer  effoi  t,  and  it  is  advisable 
*o  define  approximately  the  ranges  of  configurations  likely  to  produce  a spin  by  a first  approximation  graphical  study  based  on  the 
method  of  ref.  3. 

This  method  consists  essentially  of  the  independent  solution,  for  a limited  number  of  conditions,  of  each  of  the  three  equations 
expressing  the  equilibrium  around  each  axis,  and  superimposing  the  curves  thus  obtained.  It  is  easy  to  determine  the  likelihood  of  an 
equilibrium  in  the  spin,  expressed  by  a simultaneous  crossing  of  the  three  curves. 
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Assuming  the  reference  axes  as  defined  in  fig.  14,  fig.  15  shows,  for  a given  condition  (elevator  and  rudder  deflection,  inertial 
configuration  fixed  and  a selected  value  of  the  longitudinal  attitude),  the  pitching  moment  coefficients  (aerodynamic,  inertial  and 
engine  gyroscopic  rxjuple)  as  a function  of  X = iob/2V,  with  the  angle  of  tilt  as  parameter.  Imposing  the  equilibrium  around  the  pitching 
axis  will  provide  a relationship  between  angle  of  and  X (fig.  16). 

Similarly,  fig.  17  shows,  for  a given  angle  of  attack,  the  equilibrium  conditions  around  axis  T and  fig.  18  the  equilibrium  around  the  axis 
U (It  should  be  noted  that,  if  the  spin  radius  is  aero,  these  axes  coincide  respectively  with  the  wind  yaw  and  roll  axes).  Superimposing 
the  loci  of  the  equiliDrium  around  each  of  the  three  axes,  we  can  find,  for  each  angle  of  at  ack,  the  possibility  of  a steady  spin, 
expressed  by  a simultaneous  crossing  of  the  three  curves  (fig.  19). 

In  general,  the  crossing  will  not  be  simultaneous,  but  the  intersections  will  define  a triangle,  whose  site  will  be  indicative  of  rne 
remoteness  of  the  condition  studied  from  a steady  spin.  The  spin  regimes  so  identified  can  then  be  fully  explored  with  the  computer, 
introducing  systematic  variations  of  inertia,  control  deflections,  etc. 

Stability  of  the  spin  or  its  tendency  to  become  oscillatory  can  be  evaluated  by  the  examination  of  the  slopes  of  each  partial  equilibrium 
curve,  which  shows  in  which  direction  a perturbation  of  the  spin  parameters  is  most  In  ely  to  occur,  and  in  which  axes  the  restoring 
moments  are  most  powerful. 

Tho  results  of  this  type  of  investigation  are  ouite  good,  as  it  be  seen  from  fig.  20,  whici;  correlates  the  computed  spin  parameters 
with  the  flight  test  results. 
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FIGURE  14.  SPIN  REFERENCE  AXES 


FIGURE  15  LONGITUDINAL  (PITCHING)  MOMENT  COEFFICIENTS 
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10.  CONCLUSIONS 

The  pjrpose  of  this  paper  it  to  provide  information  on  letting  methods  and  equipment  that  can  provide  tome  tpecific  results  not  teadly 
achievable  with  other  methods 

Even  contidering  the  significant  influences  of  the  tcale  effectt,  it  it  believed  that  the  test  methods  detcnbed  are  a valid  tource  for  the 
oetign  of  a modem  aircraft. 

Etpecially  in  the  non  linearity  ranger  of  the  aerodynamic  phenoi.iena,  wind  tunnel  tatting  is  practically  the  mott  effective  meant  of 
analytit  and  the  detcribed  investigation  methodt  perm.;,  «n  enlargement  of  the  research  areas. 

In  particular  the  analytical  study  of  the  spin,  made  possible  by  the  obtamment  of  otherwise  unmeasurable  aerodynamic  coefficient!, 
permits  an  evaluation  of  the  influence  of  the  many  factors  that  affect  the  complex  phenomenon  of  the  spin.  Vertical  wind  tunnel  and 
model  free-flight  test  provide  synthetic  information  which  do  not  allow  the  separate  evaluation  of  the  influences  of  each  design 
parameter. 

Up  to  date  a'  Aeronautica  Macchi  almoif  3000  runs  have  been  cameo  out  with  rotating  balances  in  connection  with  different  projects 


as  listed  below: 

Aermacchi  M8-326  and  MB-339  600 

Aermacchi  AM3  and  C4  300 

Aermacchi  various  projects  200 

Aeritalia  G-222  450 

Pina  via  M RCA  1200 

Embraer  EM8120  30 
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FIGURE  19.  SPIN  EQUILIBRIUM  BOUNDARY 


MB- 336  IP1N  FLIGHT  TEST  N.  M 


• SPIN  TO  RIGHT  • ALTltUOC  303)00  FT 

• TIP  TANKS  EMPTY  • CREW:  2 PILOTS 

• NUMBER  OF  TURNS  II  SEPORE  START  OF  RECOVERY  ACTION 


FIGURE  20.  TIME  HISTORY  OF  SPIN 
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I.  INTRODUCTION 


Advances  in  experimental  aerodynamics  make  it  possible  to  obtain  numerical  values 
of  aerodynamic  coefficients  us  functions  of  the  state  variables  of  aircraft  motion.  This 
is  even  true  for  high  angles  of  incidence. 

It  is  possible  in  the  present  state  of  the  art,  to  find  mathematical  solutions 
of  three  kinds  of  problems  : 

1°)  o compute  the  equilibrium  condition  of  steady  motion,  when  the  aircraft  follows  a 
helicoidal  descending  path  around  a vertical  axis  ; 

2°)  To  establish  the  linear  equations  governing  perturbations  about  the  steady  state,  and 
to  determine  the  characteristic  modes  of  tie  resulting  motion  ; 

3°)  To  integrate,  in  the  most  general  case,  the  non-linear  equations  of  motion  and  to 

determine  the  manner  in  vhich  an  aircraft  can  reach  a steady  state  motion,  or  depart 
from  it  - (entry  into  or  recovery  from  a spin). 

Such  mathematical  operations  provide  insight  into  the  mechanics  of  spinnning  motion 
even  though  aerodynamic  coefficients  are  not  known  very  accurately  at  the  present  time. 

2.  COEFFICIENTS 

The  aerodynamic  coefficients  used  in  this  report  have  been  obtained  from  NASA 
TN.D.6670  for  Aircraft  C,  and  from  TN  HSA  137  of  the  Australian  Defense  Scientific  Service 
for  an  aircraft  referred  to  here  as  Aircraft  Au,  which  is  in  fact  similar  to  the  Mirage. 

(See  Appendix  2 and  Ref.  1 l 2). 

They  provide  mathematical  models  of  the  aircraft.  Such  models  consist  of  a number 
of  coefficients  of  the  type  : 

Ci  (a,B,pX,qX,rX,«a,«e,4r ) for  i ■ X,Y,Z,l,m,n. 

(The  control  settings  4a,4e,4r  lre  h*Prt**nt*d  by  4l,4a,4n  eymbol°  sre  o®e<1)* 

In  the  simplest  model  each  coefficient  C.  may  be  represented  by  the  series 
expansion  : 


3C  . 

C.  (a,o,o,o,o,o,o,o)  ♦ — i 

»e 

3C  . 

6 ♦ ~ l P* 

JP 

3C  . 

♦ “A  t 
3«a  8i 

the  function  C.  and  all  its  derivatives  being  non-linear  functions  of  a. 


Such  coefficients  fora  the  mathematical  models  of  Aircraft  C and  Aircraft  Aul. 


The  data  given  in  tre  Australian  report  allow  us  to  define  a sore  complicated 
model,  characterising  Aircraft  Au2,  where  the  C.  are  : 


3C.  * »C. 

C.  (a, 6, 0,0,0, 0,0,0)  ♦ — ; pX  ♦ ...  ♦ r—  a ♦ ... 

1 3p*  >4a  * 

which  implies  a non-symmetr ical  flow  around  the  aircraft,  as  (o , 8 ,0 ,0 ,0 ,0 ,0 ,0  ) may 
be  non-zero  when  B equals  zero. 

3 • GEOMETRICAL  AMD  lljjSRTIAL  DATA 

The  numerical  data  concerning  both  aircrafts  are  extracted  from  the  previously 
quoted  reports.  During  the  research,  it  was  also  useful  to  consider  the  model  of  a 
"Synthetic  Aircraft"  in  which  all  the  aerodynamic,  geometric  and  inertial  data  are 
arithmetic  means  of  the  characteristics  of  aircraft  C and  aircraft  Aul. 

I*.  PATH  A?»D  COORD  1 MATES 


The  path  followed  in  steady  state  motion  is  a helix  described  on  a vertical 
cylinder  of  radius  R,  with  an  angular  velocity  0 and  a vertical  velocity  W.  The  slope 
of  the  trajectory  is  ¥ . The  trajectories  corresponding  to  a non-steady  state  do  not 
satisfy  this  condition.  (Fig.  1) 

The  set  of  body  axes  x,y,z  is  assumed  to  coincide  with  the  principal  inertial 
axes.  Their  position  in  space  is  defined  by  3 rotations,  starting  from  an  arbitrarily 
chosen  initial  position.  Two  different  conventions  have  been  used  : 

First  Convention 


The  set  of  body  axes  is  referred  to  an  initial  set,  such  that  : 

x ^ is  horizontal  and  tangential  to  the  considered  cylinder 

yh  is  directed  along  the  radius  R (for  a right  hand  spin) 

z.  is  vertical 
h 

The  angular  displacements  necessary  to  rotate  the  axes  from  their  initial  to 
their  final  position,  are  the  classical  angles  p,G,0. 

Seccnd  Convention 


The  body  axes  are  referred  to  an  initial  set  of  axes,  where  : 


V 


z 

o 


is 

■ 

i s 
it 


the  direction  of 

v2  + n2R2 
in  the  direction 

in  the  direction 


the  resultant  velocity 

of  the  normal 
of  the  tinormal 


V 


9-3 


rjz:.  • --.T^  t ■ ” 


The  rotations  are  made  in  the  following  sequence  : 
v around  axis  x 

o 

6 around  the  intermediate  position  of  axis  z 
u around  the  final  position  of  axis  y 

The  relations  between  the  two  series  of  coordinates  have  been  calculated  and  used 
when  necessary. 

5 . EQUATIOHS  OF  H0T10M 

The  6 classical  equations  of  motion  are  used.  They  take  different  format  accord- 
ing to  which  of  the  problems  previously  referred  to  is  considered. 

In  the  case  of  equilibrium,  the  time  derivatives  are  zero  and  the  equations 
reduce  to  an  algebraical  system. 

The  equilibrium  equations,  with  the  aircraft  position  defined  by  +,6,0  have  been 
solved  by  Adams.  (Hef.  3).  The  same  equations,  with  the  aircraft  position  defined  by 
v,6,a  are  presented  in  Appendix  1.  They  are  easy  to  solve. 

In  the  study  of  the  linear  differential  equations  of  motion,  we  have  a system 
of  6 ♦ 2 ■ 8 equations,  with  constant  coefficients.  The  two  last  equations  are  only 
kinematical  relations.  In  this  part  of  the  study,  we  prefer  to  represent  the  aircraft 
position  by  the  angles  +,S,0. 

The  study  of  the  non-linear  differential  equations  is  neverthelss  the  main  part 
of  our  work.  The  convention  t,e,0  is  also  used.  The  treatment  of  the  equations  consists 
always  'n  a numerical  integration  using  the  Runge-Xutta  method. 

6.  RESULTS  OF  CALCULATIOHS 

6.1.  Determination  of  steady  state  motions 

There  are  6 equilibrium  equations  and  9 variables  ; 

V,n,y  defining  the  trajectory 

v,a,B  defining  the  aircraft  position  in  relation  to  the  trajectory 
4a ’*e,4r  the  setting  of  the  3 main  controls 

Manipulation  of  the  throttle  is  not  considered.  The  mathematical  model  tefers 
always  to  only  one  position  of  the  throttle  (engine  idle  in  our  case). 

It  is  imperative  to  chose  arbitrarily  3 of  the  variables,  in  order  to  allow  the 
calculation  of  the  6 others.  The  easiest  way  to  resolve  the  equations  is  to  choose  the 
variables  v,a,B  and  to  calculate  the  6 remaining  ones. 

This  gives  us  information  as  useful  as  if  we  had  chosen  the  control  settings 

6 ,&  ,4  and  calculated  the  other  variables, 
a t r 

This  method  of  calculation  allows  us  to  determine  trajectories  of  large  radius 
(30  ks.)  as  veil  as  to  study  trajectories  with  a radius  < 10  a and  even  as  low  as  1 m. 


The  resolution  of  the  algebraic  equations  shows  that  for  each  of  the  mathematic'! 
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models  which  were  used  there  are  many  combinations  of  variables,  each  with  realistic 
control  settings,  which  satisfy  equilibrium  conditions  in  the  spin.  Graphs  have  been 
established  vhich  show  the  evolution  of  the  state  variables  when  one  of  the  arbitra- 
rily chosen  parameters  varies. 

The  values  of  the  state  variables  vhich  satisfy  the  equilibrium  conditions 
are  shown  : 

- for  Airplane  C,  in  the  range  62°  < < 69° 

with  a constant  elevator  setting  of  -30°  (Fig.  2) 

- for  Airplane  Aul,  in  the  range  67°  < < 85° 

with  a constant  elevator  setting  of  -20°  (Fig.  3) 

6.2.  Linear  Systems 


We  are  concerned  with  8th  order  systems  vhich  define  the  evolution  in  time  of 
the  perturbations  of  V,a,6,p,q,r,0  , 9 around  their  equilibrium  values. 

The  linearization  process  presented  some  unexpected  difficulties.  After  some 
initial  errors  have  been  corrected,  we  found  a set  of  coefficients  which  vere  in  good 
agreement  with  the  coefficients  indicated  in  Ref.  3. 

6.2.1  . Eigen_values_and_  Eigenvectors 


Linear  equations  provide  eigen  values  and  eigen  vectors.  Each  combinaison  of  an 
eigen  value  and  its  corresponding  eigen  vector,  defines  a mode. 

Let  us  first  consider  a set  of  trajectories  described  at  the  same  incidence 
a » 30°  and  sideslip  8 ■ 0°  vith  decreasing  v. 

The  radius  depends  on  the  angle  v,  increasing  v means  decreasing  radius  R.  Root 
loci  have  been  calculated  when  v and  R vary  slowly.  (Fig.  1* ) 

For  nearly  rectilinear  trajectories,  the  phugoid,  short  period  longitudinal  mode 
and  Dutch  Roll  lateral  mode,  are  clearly  identified.  In  many  cases,  the  2 roots  correspond 
ing  to  roll  and  spiral  motion  are  real,  but  in  some  cases,  as  on  Fig.  5,  these,  motions  are 
replaced  by  a slow  lateral  oscillation,  (called  also  lateral  phugoid). 

With  decreasing  radius,  anew  mode  develops  from  either  the  longitudinal  phugoid 
and  the  real  roll  and  spiral  roots,  or  the  longitudinal  phugoid  and  the  slow  lateral 
oscillation.  The  loci  shown  on  Fig.  5 have  been  calculated  for  the  synthetic  model. 

For  real  spins  at  large  incidence,  the  equations  indicate  either 
3 oscillatory  short-period  modes,  together  with 
2 subsidences 

or  U oscillatory  modes  - three  of  short  period  and  one  vith  a very  long  period.  The  3 
short  period  modes  are,  in  many  cases,  characterised  by  eigen  values  of  the  same  order 
of  magnitude. 

Fig.  6 shows  the  root  locus  for  Aircraft  Aul  with  a in  the  range  67-35  degrees, 
and  vith  a constant  elevator  setting  of  -20  degrees.  The  rudder  setting  is  unimportant  as, 
in  this  particular  mathematical  model,  the  rudder  does  not  produce  any  moment  for  the  rang 
of  incidence  considered. 


rr  T+rrirz^Jz^s/^lV^JT+Aii  „«  fav’se’SE’C i^r. 
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It  has  been  possible  to  identify  the  3 curves.  Ore  is  a continuation  of  the 
short  period  longitudinal  root,  another  is  the  continuation  of  the  Dutch  Roll  root, 
while  the  third  one  refers  to  a mode  which  is  the  same  as  the  3rd  mode  identified  in 
the  preceeding  figure. 


At  the  incidence  of  78°  with  5^ 
to  the  following  periods  and  damping. 


-20°  and  * 5,33°,  the  roots  correspond 


tl/2 


Third  root 

Short  period  (incidence) 
Dutch  Roll 

The  Dutch  Roll  root 


3,69  sec 
2,90 
2,3U 

becomes  instable  at  a * 83°. 


7,5  sec 
6,1*5 
6,08 


I Inspection  of  the  3rd  root  shows  that  the  imaginary  part  w of  its  eigen  value 

! tends  towards  the  angular  velocity  fl  of  the  spin,  as  the  radius  tends  to  zero.  We  call 

this  mode  the  synchronous  oscillation.  If  the  system  is  reduced  to  the  sixth  order  by 
suppressing  the  variables  0 and  6,  this  last  mode  disappears  while  the  other  modes  are 
t maintained  nearly  unchanged.  This  suggests  that  the  mode  is  due  to  the  effect  of  changes 

I in  the  components  of  the  weight. 

I The  investigation  of  linear  systems  has  demonstrated  the  existence  of  a domain 

f where  the  spins  of  Aircraft  A1  are  asymptotically  stable  whereas  those  of  Aircraft  C 

f:  are  unstable  in  all  cases. 


The  intermediate  mathematical  model  has  been  used  to  investigate  the  factors  which 
contribute  either  to  stability  or  instability. 

The  components  of  the  eigen  vectors  indicate  how  the  different  state  variables 
contribute  to  the  different  modes.  When  the  radius  decreases,  it  is  no  longer  possible 
to  separate  the  longitudinal  and  lateral  modes.  Each  mode  consists  of  a mixture  of  longitu- 
dinal and  lateral  components. 

We  think  the  linear  study  can  contribute  to  the  understanding  of  some  results 
obtained  by  the  integration  of  the  non-linear  equations. 

6.2.2.  Time  Histories 


The  integration  of  the  liuear  equations  has  been  performed  on  an  analogue  computer. 
The  results  are,  of  covrse,  only  valid  for  small  initial  pel turbat ions  or  small  cnanges  in 
the  control  settings. 

The  curves  show  the  existence  of  beats  due  to  superposition  of  modes  with  nearly 
the  same  period.  Fig.  7 shows  the  time  history  after  a perturbation  in  side  slip. 


B 


*t1/2  ■ time  to  damp  to  half  amplitude. 
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6.3.  Integration  of  non-linear  equations 

We  report  here  only  the  results  obtained  with  mathematical  models  Aul  and  Au2. 

Some  of  the  calculations  have  been  made  independently  using  respectively  a 
digital  and  a hybrid  computer  operated  by  different  people,  (digital  computer  at  the 
VKI,  hybrid  computer  at  the  University  of  Ghent). 

The  results  vere  essentially  the  same  but  there  was  a tendency  for  the  hybrid 
solution  to  show  less  well  damped  oscillations. 

The  results  shown  on  Fig.  3 to  10  are  obtained  by  digital  computation. 

The  air  density  p has  been  assumed  constant.  It  would  of  course  be  possible  to 
calculate  the  altitude  h by  integration  of  the  vertical  velocity,  and  to  consider  p as 
a function  of  h.  However,  our  main  purpose  being  to  find  an  explanation  of  rhe  mechanical 
properties  of  the  spin,  this  refinement  has  not  seemed  necessary. 

The  spins  are  spins  to  the  right,  unless  otherwise  indicated. 

The  following  calculations  have  been  made  using  model  Aul. 

6.3.1.  Exc i tat ion_of _a_single_mode 

A.  Starting  from  a stable  spin,  the  system  is  excited  by  a set  of  initial  perturbations 
which  correspond  to  the  components  of  the  eigen  vector  of  each  of  the  modes  as  defined  by 
the  linear  system. 

Fig.  8 shows  the  free  oscillations  following  such  perturbations.  Inspection  of 
the  curves  shows  clearly  the  relative  amplitudes  of  6,  a,  0,  6 for  the  different  modes. 

b.  Starting  from  a stable  spin,  the  system  is  excited  by  a harmonic  motion  of  one  of 
the  controls  (either  aileron  or  elevator)  the  frequency  being  the  eigen  frequency  of  one 
of  the  modes. 

If  this  is  done  successively,  using  the  frequencies  of  the  3 oscillatory  modes, 
a synchronized  harmonic  response  is  invariably  obtained,  but  the  amplitudes  of  the 
variables  are  different  in  each  case,  for  the  same  excitation  amplitude. 

Fig.  9 shows  the  comparative  amplitudes  of  the  state  variables  when  the  elevator 
provides  a harmonic  excitation  of  ♦ 3°  around  -20®.  The  same  computations  have  ^een  made 
with  harmonic  motion  of  the  ailerons. 

6.3.2.  Excitat ion_of_mult iple_modes 

A.  Starting  from  initial  conditions,  chosen  arbitrarily  but  however  not  too  far  from 

a spin,  the  controls  arc  given  settings  which  correspond  to  those  of  a spin.  If  the  spin 

is  stable,  the  calculations  converge  to  the  steady  state.  This  procedure  has  been  used  to 
verify  the  results  provided  by  the  algebraic  equations  in  the  case  of  stable  spins. 

B.  Starting  from  a stable  spin,  a sten  input  is  given  to  the  setting  of  one  control. 

During  a spin  at  a » 78°,  with  the  following  control  settings 

- -20°  4^  « +5,33° 
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on*  oftbe  control  settings  is  changed. 

a) 

^ remaining  +5.330*  the  stick  is  pushed  forward,  4#  becoming  0°. 

The  characteristics  of  the  spin  are  gently  modified  as  indicated  on  fig.  10. 

The  final  motion  is  a stable  spin. 

The  modes  characterising  this  final  state  have  the  following  periods  and  damping. 


T tl/2 

Third  root 
Incidence 
Dutch  Roll 


3,1**  sec 

2,63 

2,29 


7,09  sec 
5,00 
10,12 


More  than  one  mode  is  excited  by  the  change  of  elevator  setting.  Beats  are 
identified  in  the  response  of  some  variables. 

b) 

4^  remaining  -20'-,  the  aileron  setting  becomes  4^  » +3°. 

Here  also,  the  final  motion  is  a stable  spin.  The  transition  from  one  to  the 
other  is  smooth. 


c)  The  elevator  setting  4fi  » -20°  is  maintained  but  the  aileron  setting  is  inverted. 

4^  becomes  -5,33°  instead  of  ♦5,33°. 

Although  such  a setting  is  compatible  with  a stable  spin  in  the  opposite  sense, 
the  computations  do  not  predict  reversal  of  the  direction  of  spin.  They  show  that  the 
final  motion  is  a gyration  at  moderate  incidence. 

This  problem  is  one  of  those  vhich  have  been  solved  in  two  different  ways. 

Fig.  11  where  V,  o,  8 are  replaced  by  u,  v,  w,  shows  that  there  is  good  agreement  between 
the  digital  and  the  hybrid  computer. 

6.3.3.  Entry_into_a_sj>in 


Starting  from  rectilinear  flight  conditions  at  low  incidence,  the  controls  are 
set  to  the  positions  corresponding  to  a stable  spin. 

A.  Mathematical  Model  Aul 


The  computer  shows  that  such  an  aircraft  would  not  enter  into  a spin,  but  would 
describe  a path  called  post-stall  gyration. 

On  the  other  hand,  the  calculations  con/erge  to  the  steady  spin  if,  at  the 
beginning  of  the  motion,  the  rudder  setting  is  temporarily  increi sed  above  that  correspond 
ing  to  the  equilibrium  state.  Careful  inspection  of  the  results  indicates  the  mechanical 
reason  Tor  this  behaviour. 

B . Mathematical  Model  Au2 

In  the  case  of  Aircraft  Au2,  the  calculations  show  that  the  aircraft  goes  into  a 
left  hand  spin  if  the  control  settings  corresponding  to  such  a steady  spin  are  applied 
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while  flying  straight  and  level  at  lov  incidence.  (This  result  has  also  been  obtained 
in  Australia  and  in  Lille). 

The  aircraft  having  the  same  mathematical  model  will  not  enter  a right  hand 
spin,  if  equal  but  opposite  control  settings  are  applied. 


7.  FINAL  REMARKS 

7.1.  Definition  of  the  Mathematical  Model 

The  scientist  making  use  of  a Mathematical  Model  is  bound  to  accept  the  model 
as  it  is  provided  by  the  aerodynamic iat . He  is  not  always  in  a situation  to  evaluate 
its  validity. 

Derivatives  obtained  with  rotating  balances  seem  more  suitable  than  derivatives 
obtained  from  oscillatory  tests. 

7.2.  Symmetrical  and  non-svmmetr ical  models 

The  important  difference  between  the  motions  computed  using  symmetrical  models 
and  slightly  unsymmetrical  models,  sh'  s the  importance  of  unexpected  non-symmetrical 
flows . 

7.3.  Conclusions  reached  with  symmetrical  models 
7.3.1.  §beady_State 


When  the  aircraft  is  assumed  to  be  symmetrical,  it  is  easy  to  determine  the 
combinations  of  control  settings  which  satisfy  the  equilibrium  conditions. 

7.3.2.  Linear_theorjf_gf_mot ion 

The  modes  defining  the  evolution  of  perturbations  around  a steady  state  spin 
may  be  stable  or  unstable,  as  indicated  by  classical  linear  methods. 

In  our  calculations,  instability  in  the  spin  has  been  found  to  affect  the 
incidence  oscillation,  the  Dutch  Roll  oscillation  or  one  of  the  subsidences. 

No  case  of  unstable  "synchronous  oscillation"  has  been  found,  but  it  should  be 
noted  that  a very  limited  number  of  cases  have  been  studied. 

The  synchronous  oscillation  seems  to  be  a characteristic  of  spinning  motion. 

It  may  depend  on  the  position  of  the  axis  of  the  cylinder  on  which  the  path  aescribed 
by  the  aircraft  center  of  gravity  lies. 

Inclination  o l the  cylinder  axis  to  the*  vertical  may  be  at  the  origin  of  the 
oscillation. 

7.3.3.  Integrat ion_of_the_non;l in' ar_e3uat ions 

Integration  of  the  r.on-linoar  equations  of  aircraft  motion  at  large  incidence 
was  first  performed  more  than  ten  years  ago.  Gome  of  the  results  presented  here  show 
that  when  the  input  is  ruch  as  to  energize  only  one  mode  of  the  lienar  equations,  the 
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the  non-linear  system  reacts  in  the  same  way  as  the  linear  system. 

The  linear  modes  appear  clsarly  in  the  non-linear  solutions. 
7.3.4.  Wh£Ee_Research_is_needed 


A.  Up  to  the  present  time,  it  has  not  been  possible  to  determine  the  physical  causes 
of  the  stability  or  instability  of  the  modes  for  configurations  situated  at  the  boundary 
between  stable  and  unstable  spins. 

Calculations  were  primarily  considered  as  a test  to  determine  if  all  the  roots 
are  negative,  rather  than  providing  an  explanation  of  the  facts.  A discussion  of  stability 
conditions  should  be  undertaken. 

B.  Studies  with  the  aim  of  relating  the  occurence  of  a spin,  or  the  case  of  stopping 
a spin  - with  one  or  other  characteristic  of  a non-linear  mathematical  model  have  been  made 
in  ihe  U.S.  (Ref.  4 to  7) 

Perhaps  it  would  be  rewarding  to  try  to  correlate  the  spin  entry  or  recovery  with 
the  stability  or  instability  of  the  linearized  equations. 
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APPENDIX  1 


SOLUTION  OF  THE  EQUATION  OF  MOTION  FOR _A  STEADY  SPIN 


I . Data 


The  aircraft  is  defined  by  the  following  quantities  : 

r*  * V ry  ’ V " 

where  1 is  an  arbitrary  reference  length 
2 m 

U * ~Z“ 

Slp 


The  coefficients  C . are  expressed  in  terms  of  a reference  area  S and  the  same 
reference  length  1. 

The  equilibrium  conditions  for  translational  motion  are  : 


I2. 

ill 


C + g where 

x °x 


qw  - rv 


V2 

— C + g 

„r  y 1 


where 


ru  - pw 


Vi 

pT 


Cz  + *z 


where 


pv  - qu 


Pi  q»  r,  being  components  of  ft 


The 

equilibrium  conditions  for  rotational  motion  are 

-*2> 

qr  » 

V* 

p 

C1 

- *v 

rp  ■ 

V* 

p 

- rV 

pq  . 

I2. 

p 

c 

n 

Vector  o is  horizontal. 

Vectors  g and  ft  are  vertical. 

Their  components,  relative  to  the  aircraft  axes,  oust  be  computed. 


I I . Angular  Transformation 


The  orientation  of  the  aircraft  in  space  is  defined  by  the  rotations  v,  -6,  a. 


The  convenience  of  this  system  of  angular  transformations  is  due  to  the  fact  that 
it  uses  the  angles  a and  6 which  determine  the  magnitude  of  the  aerodynamic  forces 
and  moments. 


The  corresponding  transformation  matrix  is 


cos  a cos  3 

-cos  a siii  g sin  v - sin  a cos  v 
sin  3 

cos  8 sin  v 

sin  a cos  8 

-sin  a ein  8 sin  W + cos  a '*os  v 

-cos  a sin  8 cos  v + sin  a 3in  v 

cos  8 cos  v 

-sin  a sin  8 cos  v - cos  a sin  v 


It  enables  us  to  find  the  components  of  a vector  vith  respect  to  the  aircraft  bouy  axes 
x,y,z,  vhei  its  components  vith  respect  to  x0,  yQ , zQ , art  known. 

In  particular,  the  components  of  r horizontal  vector  representing  the  acceleration  are 


? ■ * 


Let  n be  the  angle  between  the  resultant  velocity  vector  and  the  horizontal  plane, 
considered  to  be  positive  for  descending  flight.  (In  fact,  n * - * ) 

The  acceleration  is  given  by  : 

j ■ n V cos  n 


The  components  of  the  vertical  vectors  are 


a Bin  n+  tacos  n 


c sinn+dcosn 


e sin  n ♦ f cos  n 


g a 


«iv_  Formulation  of  the  Equations 

From  the  preceeding  remarks,  it  follows  that  the  6 equations  of  steady  motion  may  be 
written  : 

V ^ 

■ — C + g(a  sin  n ♦ b cos  n) 

ul  x 


fl  V h cos  n 


g(a  gin  n + b cos  n ) 
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II  V k cos  n 

n V l cos  n 

(r2  - r2)  n2 
' s y' 

(r2  - r2)  «2 

(r2  - r2)  a2 
y * 


y 2 

■ — C + g{c  sin  n ♦ d cos  n) 

Ml  y 


y 2 

■ — C + g(e  sin  n ♦ f cos  n ) 

Ml  * 


(c  sin  n ♦ d cos  n)(e  sin  n + f cos  n) 


(e  sin  n ♦ f cos  n)(a  sin  n + b cos  n) 


(a  sin  n * b cos  n ) l c sin  n ♦ d cos  n) 


V2_ 

M 


C 


1 


M 


C 


m 


V2. 

M 


C 

n 


Vhe  aerodynamic  coefficients  depend  non  linearly  on  o and  6, 

* x M 

and  linearly  on  6 <5  6 • The  moments  coefficients  depend  also  on  p q r . 

a e r 


Ei 

V 

&! 

v 

rl 

V 


n 

V 

a 

v 

a 

v 


1 (a  sin  n + b cos  n) 


1 (c  sin  n ♦ d cos  n) 


1 (e  sin  n ♦ f cos  .1 ) 


The  set  of  eo«v  ions  can  be  solved  only  if  3 variables  are  arbitrarily  chosen. 
The  computation,  is  very  straight!  jrvard  if  v^.a,  are  so  chosen,  and  the  equa- 
tions solved  i jr 

V 
6 

A particular  case  which  occurs  for  Aircraft  Aul  is  that  in  which  *®d 

n art  zero.  There  are  then  too  many  equations,  and  the  computation  must 
nor 

proceed  differently  by  determining  the  values  of  6*  which  satisfy  separately 
the  rolling  and  yachting  equations.  The  solution  sought  is  then  that  for  which 
the  independently  calculated  values  of  are  equal. 


APPEHDIX  2 

The  Aerodynamic  characteristics  of  model  Aul  are  shown  on  Pig.  12. 

The  numerical  values  of  the  moment  coefficients,  extracted  from  Ref.  2,  are 
based  on  b different  reference  lengths  : 


As  we  used,  in  our  computations,  only  one  reference  length  1 » b,  these 
coefficients  were  converted  before  being  introduced  in  the  equations. 

The  Cy,  C^,  C ^ coefficients  of  model  Au2  are  shown  on  figures  13, lb, 15, 
extracted  from  Ref.  2. 
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J - INTRODUCTION.  - 

La  cownunlcetion  est  dans  sa  totalite  relative  4 1 ’etude  globalu  de  la  vrille  i le  terme  "etude 
globale"  eat  icl  utilise  en  opposition  avec  le  terms  "etude  analytique"  reserve  au  traitement  des  equations 
de  la  mecanique  du  vol  en  vue  de  calculer  la  vrille.  Le  terme  6tude  glopale  est  employe  inoifferemmer t pour 
des  etudes  sur  maquettes  ou  en  grandeur  reelle. 
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A chaque  6poque  un  •,  jus-ensemble  de  l'ensemble  complet  des  avions  en  conception  correspond  A 
des  formulas  nouvelles  ou  ton  au  moins  £ des  formules  sensibiement  dlffSrent.es  de  celles  dont  elles  sont 
1* extrapolation.  Si  l'on  conoidSre  les  vrilles  de  ce  sous-ensemble  on  constate  alors  que  leurs  caractS- 
ristiques  sont  une  fonction  du  temps.  De  IS  il  faut  conclure  irrmfidiatement  que  la  vrille  n’pst  pas  tout 
A fait  n'lmporte  quol.  mais  qu'elle  a des  caractSrlstlques  IISes  a 1 'architecture  des  avions.  Certes  le 
nombr9  des  variables  dSterminent  la  vrille  est  trSs  grand,  parfois  m6me  des  variables  ne  devant  avoir, 

A priori,  que  peu  d’effet  s’avSrent  tres  actives  j il  n'en  reste  pas  moins  que  ceux  qul  ont  1 'occasion 
de  suivre  pendant  des  dizalnes  d'annSes  le  sujet  en  retlrent  des  impressions  <>SnSrales. 

Il  en  est  ainsi  pour  l'Squipe  de  1‘I.M.F.L.  qui  est  actuellement  composSe  de  quelques  personnes 
ayant  suivi  le  sujet  de  la  vrille  sans  discontinuer  depuis  1947.  Son  expSrience  s’Stend  ainsi  sur  toutes 
sortes  d'avions  depuis  environ  30  ans.  Cette  Squipe  n’a.par  contre^qu’une  connaissance  de  seconde  main 
sur  les  avions  d'avant  et  de  pendant  la  guerre  39-45.  Mais  les  possibility  de  l'horrme  en  stockage  et  en 
trl  sont  tr£s  llmit£es,  c'est  pourquol  nous  avons  entreprls  une  £tude  de  correlation  sur  calculateur. 

Il  est  bien  sur  loin  de  notre  pensSe  de  prStendre  en  tirer  la  definition  de  la  vrille  d’un  avion  futur. 
Une  prevision  avec  le  maximum  de  probabillte  est  seule  envlsageable. 

Pour  traiter  ce  sujet,  la  communication  eat  decomposes  en  quatre  parties. 

F.n  premier  lieu  on  ter*-  uerinir  ..c-ment  a evolue  au  lonx.  des  ann6es  la  vrille  des  avions 
de  formules  nouvelles. 

En  second  lieu  on  chsrche  £ exposer  ce  que  les  personnes  qui.  en  France,  ont  accumuie  une 
large  experience,  pensent  pouvoir  tirer  comme  r£sultats  g£n6raux  relativement  £ l'action  d’un  certain 
nombre  de  variables  sur  la  vrille. 

AprSs  ces  chapitres  relatifs  £ l’analyse  humaine,  on  tralte  de  l'ebauche  d'analyse  statistique 
entreprlse  sur  calculateur. 

La  derni£re  partie  est  destlnee  particuli£rement  £ montrer  les  limites  d'emploi  des  r6sultats 
g6neraux.  Sur  le  cas  particulier  de  deux  avions  construits  en  s£rie  durant  de  nombreuses  ann6es,  selon 
des  versions  apparemment  tr£s  voisines,  il  est  montr6  corrment  les  caractGristlques  de  vrille  peuvent  etre 
tr£s  senslbles  £ des  grandeurs  dont  l’action  6chappe  totalement  £ l'6tude  statistique  entreprlse. 

2 - LA  VRILLE  EN  FONCTION  DES  ElOQUES. - 

2.1  - Avione  lents  <?  hilice  (figure  1) 

Si  l'on  remonte  tr£s  Inin  avant  1940,  les  vrilles  semblent  toujours  avoir  6t£  d6crites  comme 
calmes.  La  vrille  plate  6tait  £ ces  Opaques  fr£quente  j il  semole  que  cette  vrille  plate  alt  6t£,aussi  f 
raplde  et  l'on  peut  penser  maintenant  que  1 'attitude  plate 
6taic  cons6cutive  £ une  action  du  couple  centrifuge  de 
tangage.  Les  avions  fitaient  aiori.  £ pile  droite  et  le  plus 
souvent  leurs  empennages,  particuli£rement  le  vertical, 

6talent  largement  sous  dimensionnes.  Les  consignee  §taient 
alors  mal  6tudi£es  et  se  rfiduisaient  souvent  £ une  extra- 
polation du  vol  normal  i pour  chercher  £ rfiduire  1' incidence 
on  pouscalt  alors  le  manche.  Depuis,  on  a pu  mettre  en 
6vioenca  qu'une  telle  conslgne  fut  souvent  tr£s  n6faste.  Le 
Tail  Damping  Power  Factor  est  un  coefficient  qui,  invents 
depuis,  rer.d  tr£s  bien  compte  de  cela. 


2.2  - Avione  rapidee  d hi lice  (figure  2) 

Pendant  la  guerre  39-45,  s’est  alors  g£n§ralis6e 
une  autr6  conslgne  de  sortie  de  vrille  qui  tenalt  compte 
de  ce  qui  vient  d'Stre  dit  : pied  contre  et,  environ 
un  demi-tour  aprfes,  manche  on  avant.  Cette  conslgne  i 
alors  tr£s  souvent  donn£  satisfaction.  Les  avions, 
encore  £ h61ice,  6taient  pourvus  d 'empennages  plus 
grands  que  pr£c6demment  et  1 'avant  de  fuselage  £tait 
moins  court.  La  majority  des  vrilles  restSrent  calmes 
pendant  des  ann6es,  les  vitesses  de  rotation  gtaient 
tupportables,  les  attitudes  6talent  moyennes  entra  les 
vrilles  tr£s  plates  et  trds  piqufies. 


*ig.  i - Avione  lenLe  u hilice 


Fig.  2 - Avione  rapidee  <5  hilice 
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2.3  - Premiers  avions  d viaction  (figure  3) 


Puis  sont  apparus  las  avions  S reaction  b flgche 
faible  j au  dgbut  leurs  entries  d'air  en  pitot  conduisirent 
b das  longueurs  ds  fuselage  b l’avant  relativement  modgrges. 

Les  vrilles  restgrent  alors  peu  diffgrentes  de  celles  des 
derniers  avions  b hglice  j par  contre  se  dessingrent  dgs  ce 
moment  des  modifications  nettes  sur  la  consigns  de  sortie  de 
vrllle.  Le  fuselage  arrigre  £ cause  de  la  presence  du  rgacteur 
devint  beaucoup  plus  gros.  En  vrllle,  son  sillage  sur 
l'empennage  vertical  diminua  considgrablement  l'action  de  la 
gouverne  de  direction  qui  devint  alors  incapable  de  contrer 
la  rotation.  C'est  & cette  gpoque  que  l‘on  fut  obligg  de  fairs 
appal  au  gauchissement  qui  gteit  alors  entigrement  contr61# 
par  des  ailerons  i ceux-ci  etaient  b cette  gpoque  largement 
dimensionngs.  La  sortie  de  vrllle  imposa  alors  I’usage  des 
ailerons  mis  Avec  (Avec  le  virage  de  mSme  sens  que  la  vrllle). 

Si  prgcgdemment  la  sortie  de  vrllle  s'opgrait  b dgrapage  faible 
(assiette  transversale  trgs  faible).  par  un  piqug  progressif 

de  l'avion,  la  sortie  de  vrllle  en  utilisant  le  gauchissement  prit  alors  une  autre  allure.  L 'alle 
marchante  (ou  aile  extgrieure)  se  relevait  en  sorts  qu ' apparaissait  un  dgrapage  (l'avion  tendant  b 
glisser  vers  l’intgrieur  de  la  vrllle)  i mais  les  avions  de  cette  gpoque  avaient  une  trgs  grande 
reserve  de  stability  de  lacet  et  le  dgrapage  se  rgsorbait.  L 'incidence  tendalt  alnsi  b dficroltre  au 
profit  d’un  oferapage  qui  disparaissalt  de  lui-meme.  Les  rgcupgrations  gtaient  alors  trgs  franches, 
l'avion  reprenant  largement  de  la  vttesse.  C'est  la  reprise  de  Vitesse  qui  gtait  toujours  le  slgne 
indiscu table  du  retour  aux  incidences  de  vol  normal.  mSme  si  les  ailerons  gtant  Avec,  1a  rotation  de 
vrllle  s’gtait  transform^  en  rotation  de  tonneaux  verticaux. 


Fig.  3 - Premiere  avions  d reaction 


2.4  - Accroissement  de  la  fliche  des  avions  d reaction  (figure  4) 


Les  a"ions  destings  b voler  b des  vitesses  plus  grandes 
eurent  alors  des  voilures  a plus  forte  flgche  i c'est  A ce 
moment  qu'apparurcnt  des  vrilles  agltges.  Les  agitations  les 
plus  frgquentes  et  les  plus  amples  gtaient  des  agitations  de 
roulis.  On  vit  apparaltre  les  vriilps  b agitations  diverger.tes, 
la  vrllle  cessant  alors  au  profit  d'une  autorotation  autour  de 
l'axe  de  roulis,  baptisge  par  nous  auto-tonneau  i l’axe  de 
roulis  est  au  dgpart  de  cette  autorotatlon  voisln  de  90°  avec 
ia  vitesse.  Mais  les  av ants  de  fuselage  n' avaient  pas  b ce 
moment  - IS  assez  grandi  pour  dgtruire  la  reserve  de  stability 
de  lacet,  en  sorts  que,  quelles  que  soient  les  caractgristiques 
de  tangage,  l'avion  plqualt  trgs  vite  et  redevc-sit  contrSlable. 


C'est  aussl  b cette  gpoque  que  les  avions,  3i  les 

phgnongnes  agltgs  ne  1 ' amportalent  pas,  redevlnxent  aptes  b Fig.  4 - Accroissement  de  la  fliohe 

la  vrllle  plate  et  rapide  hlen  que  les  empennages  soient 
largement  dimensionngs. 


2.5  - AHongement , vers  I’avant,  du  fuselage  des  avions  d reaction  (figure  S) 


Les  gvolutions  suivantes  des  vrilles  semblent  liges  surtout 
b l'allongement  de  I'avant  des  fuselages.  Conjointement  on  a assi3tg 
b une  tendance  g 1 'accroissement  du  masque  portg  sur  l’empennage 
vertical  par  l'aile,  le  fuselage  ou  des  rgacteurs  extgrleurs. 

Les  vrilles  sont  g ce  stade  devenues  souvent  trgs  agitgeo  i les 
agitations  ne  sont  plus  set  lament  que  du  roulis,  mais  ont  aussi 
des  composantes  de  lacet  et  de  tangage  i souvent  le  mouvement 
obtenu  n'est  pas  une  vrllle  organises  mais  plutfit  un  mouvement 
dgsordonng.  Le  pilote  est  alors  trgs  dgsorientg,  il  est  souvent 
oresque  incapable  de  reconnoitre  un  sens  moyen  du  mouvement  i 
1 ' application  d'une  consigns  non  systgmatique  n’est  pas  certaine. 

La  rgpartltion  des  surfaces  de  fuselage  entre  l’avant  et 
1'arrigre  est  alors  telle  que  la  rgsei ve  di  'tab^litg 
latgrale  de  lacet  eat  trgs  fortement  en;  \ a rg.upgration 
n'est  pas  assurge  lorsque,la  premigre  fois, l’avion  ttteint 
une  attitude  ou,  b priori,  on  aurait  pu  le  penser  rgcupg..'.. 


Fig.  5 - AHongement.,  vers  I'avant,  du 
fuselage. 


2.6  - Remarque. 


La  description  hlstorique  qui  vient  d’gtre  faite  e3t 
gvldemment  trgs  inrumplgte  i y ajouter  d'autres  points  aurait 
conslstg  b l'alourdir  et  aurait  masque  l'essentiel. 
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3 - ACTION  DES  DIVERSES  VARIABLES  - RESULTATS  GENERAUX.- 


2.1  - Presentation  du  ohapitre. 

Si  le  chapitre  2 6tait  relatlf  b la  relation  des  phfinom&nes  apparus  au  cours  dea  annfies,  le 
present  chapitre  a pour  but  d'finoncer  dea  concluaion3  gfinSralea  au  sujet  de  l'effet  d'un  grand  nombre 
de  variables  aur  1’ ensemble  dea  vrilles  Studifies  tant  en  soufflerie  qu'en  vol  grandeur.  Lea  rSsultata 
utilises  aont  done  simultanfiment  relatifa  b des  aviona  de  tous  types,  d'armea  ou  non,  et  cela  pour 
toutes  lea  gpoques  & la  fois. 

II  eat  important  de  mettre,  avant  de  commencer,  en  garde  le  lecteur  de  prendre  pour  absolu 
tout  ce  qui  eat  6crit.  Rares  aont  lea  oaa  oCi  lea  propoa  aont  dea  afflrmationa  sens  restrictions  i il 
est  n§cessaire  de  bien  tenir  compte  des  nuances  mlses  dans  l'expression  oea  r6sultats  g6n6raux  car 
pour  bon  nombre  de  ceux-ci  des  exemples  contrairea  pourraient  etre  prSRent6s. 

Le  chapitre  porte  succesaivement  aur  : 


- effet  des  surfaces  mobiles  et  des  surfaces  complement aires, 

- considerations  sur  les  formes  g6om6triques  ggnfirales, 

- gSometrie  et  masse  des  charges  extfirieures, 

- divers  aspects  particulars  des  vrilles,  succesaivement  : 

Ips  vrilles  agltees, 
les  vrilles  plates, 
les  vrilles  dos. 

- effet  de  moyens  de  secours. 


3.2  - Effet  dee  surfaces  mobiles. 

3.2.1  - La  direction. 

Lorsque  la  gouverne  de  direction  a un  effet 
sur  la  vrille,  celui-cl  est  tjujours  de  meme  sens  : 
Direction  Avec  favorable  & la  vrille  stabilis6e  et 
Direction  Centre  favorable  b la  sortie  de  vrille. 

Mais  la  presque  totality  des  avlons  d'armes  depuls 
15  b 20  ans  ont  une  direction  tout  & fait  inop6r.".te 
en  vrille  i l'effet  est  nul  parce  que  1' empennage 
vertical  est  dans  le  sillage  de  l'empennage  horizontal, 
de  rdacteurs  arri&re  extfirieurs,  de  la  voilure  ou  plus 
slmplement  du  fuselage  (voir  figure  6).  Des  essais 
de  soufflerie  effectu6s  en  supprimant  l'empennage 
vertical  ont  souvent  donn6  des  r£sultats  aemblables  & 
la  forme  complete.  Les  avion3  b empennage  en  T,  trfes 
minoritaires,  ne  sent  pas  Indus  dans  les  r6sultats 
de  ce  paragraphs. 


3.2.2  - La  profondeur. 


Fig.  C - Gouverne  de  direction 


11  est  difficile  de  donner  des  Indications 
g6n6ral«s  relatives  b 1’ action  de  la  profondeur  sur  les 
vrilles,  en  excluant  bien  sur  la  phase  de  dSclenchement. 

Le  braquage  de  la  profondeur,  ou  de  l'ensemble  de  l'empennage 
horizontal,  introduit,  en  plus  d'une  modification  des  efforts  sur 
le  plan  horizontal  iui-meme,  une  modification  de  l'Scoulement 
auteur  do  l'arribre  du  fuselage  et  de  1 'emponnagp  vertical  i c'nst 
la  diversity  des  modes  d'action  qji  en  disperse  les  effets. 

Si  une  vrilie  maintenue  est  relativement  calme,  po,ser 
de  manr.he  tir6  b manche  poussfe  tend  en  g<3n6ral  b rendre  la  vrille 
plus  6tablie.  En  moyenne,  la  vitesse  de  rotation  crolt,  le  rayon 
de  vrille  se  r6duit,  l'attitude  devient  plus  plate  (voir  figure  7)  i 
cela  ne  veut  pas  dire  que,  manche  tir6,  il  n'y  alt  pas  aussl  des 
vrilles  plates  et  rapides. 

Si  par  contre  il  s'agit  d'une  vrille  agit6e,  souvent  les 
agitations  devienocrf  encore  plus  amples.  Certains  avions  peuvent 
avoir,  selon  les  circon^fances,  des  vrilles  calmes  ou  des  vrilles 
agitfies,  ce  qui  conduit  b les  effets  divers  du  braquage  de  la 
profondeur. 


3.2.3  - Le  gauchissement. 

Trois  types  de  gauchissement  sont  a consldtrer  : les 
ailerons,  les  spoilers,  le  braquage  dlff6rentiel  des  empennages 
horizontaux.  On  peut  tout  de  suite  Sllminer  les  spoilers  qui  n'ont 
pas  d'action  appr6ciable  sur  la  vrille  hormis  son  d6clenchement.  Le 
braquage  dlffSrentlel  des  empennages  horizontaux  a une  action  de 
nature  tr&s  vuisine  de  celle  des  ailerons,  elle  e3t  ceoendant 


A CABRER 

I — 

A POJER 


(OSCLLATIONS/ 


Fig,  7 - Gouverne  de  profondeur 
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souvent  molndre  i une  limitation  de  l’effet  provient  souvent  de  la  limitation  des  braquagss  globaux, 
profondeur  + gauchissement. 

Dans  la  tris  grande  majoriti  des  types  d'avions,  la  vrille  est  favorisie  par  le  gauchissement 
Contre  et  la  sortie  favorisie  par  le  gauchissement  Avec.  Les  types  d’avions  qui  n’ont  pas  cette  carac- 
tirlstique  ont  alors  une  vrille  piquie. 

Le  domains  de  gouvernes  qui  permet  les  vrllles  plates  et  rapides.  si  elles  existent,  contient 
toujours  gauchissement  Contre.  Si  une  sortie  A partir  d'une  vrille  plate  et  rapide  est  possible  par  les 
gouvernes,  c'est  toujours  le  gauchissement  Avec  qui  le  permet  le  mieux. 

Lorsque  les  vrllles  sont  agitges  de  faqon  presque  syst§matique,  les  agitations  sont  plus 
frAquentes  et  olus  amples  gauchissement  Contre  i c'est  dans  ces  conditions  que  la  vrille  d6g6n&re  le 
plus  en  auto-ti  nneaux.  11  existe  aussi  des  vrllles  agities  gauchissement  Avec,  elles  sont  beaucoup 
plus  rares.  Si  les  agitations  prApondArantes,  gauchissement  Contre.  sont  celles  de  roulls,  11  semble 
qu'en  passant  A gauchissement  Avec  cela  fasse  disparaltre  cette  prApondArance  et  on  peut  alors  observer 
de  nettes  agitations  de  tangage. 

J.2.4  - Lee  volete  hyper euetentateure. 

II  est  malaisA  de  tlrer  des  lois  gAnArales  sur  l'effet  des  volets  hypersustentateurs.  Leur 
action  passe  notamment  par  l'interaction  sur  l'Acoulement  au  droit  des  empennages,  en  sorte  qu'elle 
est  trAs  fonction  des  formes  gAnArales  de  1' avion  i la  dispersion  des  rAsultats  imposerait  une  analyse 
plus  fine.  MelgrA  cela,  on  peut  cependant  dire  que  le  braquage  des  volets  s’ est  en  moyenne  avArA 
lAgArement  dAfavorable  A la  sortie  de  vrille.  Souvent,  l'effet  est  nul  i il  n’est  pratiquement  Jamais 
favorable. 


3.2.5  - Lea  bees. 

Nous  ne  dlsposons  sur  avlons  d'armes  que  de  trop  peu  de  rAsultats  pour  en  digager  une  action 
type  de  la  sortie  des  bees.  Sur  avions  lfigers  par  contre,  si  les  bees  repoussent  le  point  d’entrAe  en 
vrille,  les  bees  semblent  dAfavorables  A la  sortie  de  vrille. 

3.2.5  - Lea  airofreine. 

La  disposition  des  aArof reins  est  beaucoup  trop  diversifiAe  pour  que  1‘on  puisse  attendre  une 
action  typique  de  ces  surfaces. 

3.2.7  - Lea  trappee. 

Les  trappes  qui  peuvtnt  avoir  une  action  sont  surtout  celles  du  train  avant.  SI  les  trappes 
se  composent  de  deux  Aliments  symAtriques,  on  recueille  un  effet  d’amortlssement  tr&s  sensiblement 
molndre  qu'avec  une  surface  unique  placAe  dans  le  plan  de  symAtrie  s’,  qui  aurait  la  surface  totals  des 
trappes  i l'effet  d'atnartissement  peut  non  seulement  etre  considArablement  ridult  mais  parfois  8tre 
inversi. 


Une  seule  trappe  latArale  peut  avoir  un  effet  de  sens  variable  selon  le  sens  de  la  vrille. 


3.3  - Effet  de  aurfaoee  aompldmentairee. 
3.3.2  - Quillee  (figure  8) 


Sous  le  nom  de  qullles,  nous  rangeons  les  surfaces  qui  sont  sous  le  fuselage,  dans  le  plan 
de  symAtrie  et  pour  los  implantations  arriAre  Agalement  des  surfaces  symAtriques.  Sous  1 'avant  du 
fuselage  les  qullles  ont  pour  effet  de  frelner  la  rotation  des  vrilles  plates  et  rapides.  Elles  peuvent 
mettre  l’avion  complAtement  A 1'abrl  de  ces 
vrilles.  Pour  que  ces  qullles  avant  soient 
efficaces,  11  est  nAcessalre  qu'elles  soient 
placAes  trAs  A 1' avant  t le  premier  avantage 
est  Avidemment  le  gain  au  sujet  bras  de  levier, 
mais  ce  n'est  pas  le  seul  gain.  Si  la  quille 
eat  placAe  A une  certaine  distance  de  1' avant, 
elle  se  trouve  placAe  dans  un  Acoulement  de 
contournement  dAJA  organlsi  et  son  action  de 
condltlonnement  de  l'Acoulement  est  molndre. 


ANTI 

VRILLE  PLATE 
ET  RAPIDE 


Oes  essais  en  remplaqent  tout 
1'extrAme-avant  d'un  fuselage  avec  sa 
quille  per  sa  projection  dans  le  plan  de 
eymAtrie  ont  conGuit  A un  amortlssement 
molndre  que  par  la  forme  normals  fuselage  ♦ 
quille.  Pour  qu'une  quille  solt  efficace, 
elle  dolt  avoir  une  certaine  hauteur  sous 
une  eurface  quasl-horlzontale.  Le  fonction- 
nement  d'une  quille  en  deux  Aliments  symA- 
trlques  vertlcaux  fait  psrdre  de  I’ufflcaclti. 


OULLE  VENTRALE 


VIRURES 


OSCIi  LATION5 


\ 


Fig,  8 - Sur  facet  comp  Ifmentairei 
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Sous  l'arrifira  du  -fuselage,  l'effet  des  quilles  est  beaucoup  molns  systfimatique.  Pour  des  avlona 
lfigers,  on  recuellle  un  amortisBement  de  lacet.  Pour  dec  avlona  d'armes,  lea  effets  sont  disperses  i mala 
parfois  cea  effeta  eont  important a. 


3.3.2  - Viruree  (figure  8) 

L’expfirience  que  nous  avons  aur  lea  virurus  concerne  essential lement  lea  avlona  d'armes  actuals 
(rfisultats  maquette  et  avion). 

Les  vlrures  sont  des  surfaces  qul  se  placent  perpendlculaire^crit,  ou  prcsque,  4 la  peau  -du 
fuselage,  A l'avant  de  celul-cl.  Elies  sont  toujaurs  symfitriques  Pt  trie  ficartfies.  Le  but  de  oea  surfaces 
est  de  crfier  des  singularitfis  dans  les  conditions  lnltlales  de  l'ficoulement  autour  de  1* avion.  Cea  singu- 
larity flxent  l'ficoulement  et  empfichent  notamment  des  diesymfitries  alfiatoires  bien  qu'lntenaes.  Ces 
diesymfitries  s’lnatallent  mSme  4 dfirapage  nul  j elles  dfibutent  autour  da  l'avant  du  fuselage  puls 
s'ampllflent  autour  de  l'ensemble  de  l'avlon.  Les  vrllles  sont  d'autant  plus  agltfies  et  les  sorties  sont 
d’autant  molns  sfires  que  ces  dissymfitries  s'lnstallent.  L’effet  des  vlrures  est  alors,  grfice  4 la  fixation 
de  l'ficoulement,  de  calmer  la  vrllle  et  de  rendra  la  sortie  plus  sOra.  Pour  que  cet  effet  aolt  obtenu, 

11  est  nficeaaaire  de  placer  les  vlrures  trfis  en  avant  et  qu'elles  fessent  entre  elles  au  molns  90*.  Les 
conditions  de  positions  et  de  dimensions  ne  peuvent  pas  fitre  plus  gfinfirallsfies.  Par  contre,  une  condition 
gfinfirale  de  la  definition  des  vlrures  est  de  passer  par  des  essals  prfialables.  0 V" part,  calmer  une 
vrllle  agitfie  fait  apparaltre  une  vrllle  calme  (qul  pourrait  Stre  sfivfire)  qul  fitai  totalement  masqufie 
par  les  agitations  qul  en  empfichaient  l'fitablissement.  O'autre  part,  les  vlrures  mal  pracfies  et  mal 
dimensionnfieB  pourraient, par  example, fairs  naltre  des  moments  de  lacet  pro-vrllle  ou  des  agitations 
antl-vrllle  i lorsque  la  rotation  lntroduit  du  dfirapage,  l’une  des  vlrures  est  masqufie. 


3.4  - Effet  des  formes  giomitriques  gSniralee . 
3.4.1  - Voilure  - Fliahe. 


f 


i 


L 'augmentation  de  la  flfiche  n'est  pas  une  cause  systfirratique  de  l'aggravatlon  des  vrllles.  En 
effet,  on  peut  constater  que  plus  la  flfiche  est  forte,  molns  11  y a de  probability  de  rencontrer  des 
vrllles  plates  et  rapldes.  sans  que  cela  pulsse  Stre  attrlbufi  4 I'apporltlon  d'agltatlons  qul  nulralent 
4 la  vrllle  plate  et  raplde.  C'est  par  un  amortissement  gfinfiral  de  la  rotation  que  la  vrllle  tend  4 Stre 
molns  raplde. 

Par  contre.  les  attitudes  longltudlnalea,  sans  mfime  action  d'une  forte  vltesse  de  rotation, 
sont,  toujours  en  moyenne,  plus  plates  si  la  flfiche  est  plus  grande.  A m fines  vitesses  de  rotation,  les 
attitudes  moyennes  4 flfiche  nulls  sont  4 45-50°  de  1 'horizontals,  4 flfiches  modfirfies,  elles  sont 
volslnes  de  30°  et  aux  fortes  flfiches  elles  sont  voislnes  de  20*. 

SI  1’on  compare  les  types  de  vrllle  des  avlona  4 flfichFS  dlfffirentes,  on  constate  qu'en 
moyenne  les  vrllles  sont  molns  souvent  agltfies  4 falble  flfiche  et  que  ces  agitations  sont  aussl  plus 
ordonnfies.  Cependant.  on  peut  penser  que  les  modifications  cltfiBS  ne  sont  pas  dues  cpficlf iquement  4 la  I 

flfiche  car  sur  dos  avlons  4 flfiche  variable,  on  ne  retrouve  pas  cet  uffet.  , 

3.4.2  - Voilure  - Autres  oaraotiristiques. 

> 

Si  des  cas  Isolds  ont  montrfi  1 'action  de  l'allongement,  de  l’effllement,  ou  du  dlfidre,  par  ; 

contre  rlen  ne  permet  d'e.i  tlrer  des  rfisultats  gfinfiraux.  | 

3.4.3  - Fuselage  - longueur.  1 

1 

La  longueur  du  fuselage  vers  l'arrlfire  jouo  sur  I'efficacitfi  des  empennages  i per  contrp,  ' 

cette  longueur  accrolt  le  couple  centrifuge  de  tangage,  ce  qul  absorbs  une  partle  de  i'efficacitfi  des 
empennages  horlzontaux.  Avec  de  longs  fuselages  errlfire.  les  vrllles,  si  elles  peuvent  fitre  encore 
peu  plqufies,  sont  alors  rarement  slmultanfiment  rapldes. 

La  longueur  du  fuselage  avant  est  sans  doute  une  des  variables  qul  a,  le  plus,  agl  ces 
dernlfiret,  annfies  sur  la  vrllle.  Les  longs  net  nnt  eu  pour  effet  de  rfidulre  consldfirablement  le 
domalne  Incidence  - dfirapage  ou  11  y a stabllitfi  de  lacet.  O'autre  part,  11s  sont  4 l'orlglne  de 
nombreuses  vrllles  agltfies  et  11s  ont  aussl  pour  effet  de  rendre  ces  agitations  plus  dfisordonnfies. 

Sur  les  reprises  de  contrfile,  les  longs  net  ont  une  action  lmportante  i l'approche  au  cours  du 
mouvement  ou  mfirnn  la  pfinfitration  4 une  certalne  vlt6sse  du  domalne  Incidence  - dfirapage  de  vol  stable, 
ne  pormettent  pas  une  reprise  de  contrfile  systfimatlque  i l'avlon  peut  fort  blen  ressortlr  du  domalne 
stable  et  rfiattelndre  des  Incidences  et  des  dfirapages  trfis  filevfis. 

3.4.4  - Fuselage  - Forme  de  la  eeotion  (figure  9) 

A l'arrlfire.  une  forme  aplatle,  4 grand  sxb  vertical,  conduit  4 un  mellleur  amortissement 
de  lacet,  ells  rfidult  le  masque  sur  l'empennage  ve.tlcel  et  parfois  aussl  sur  l’empennage  horizontal. 

Inversement,  une  foime  aplatle,  4 grand  axe  horizontal,  rfidult  consldfirablement  1 'amortissement  propre 
du  fuselage  et  nult  aussl  largement  4 1 'amortissement  de  l'empennage  vertical.  Une  mention  partlcullfire 
est  4 fairs  au  sujet  de  certains  avlons  lfigers  4 fonds  plats  et  qul  prfisentent  des  arites  ou  des  arrondls 
4 trfis  faiblee  rayons  de  courbure  entre  les  fonds  et  les  flancs  Istfiraux  i ces  formes  gfinfirent  des 
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slllages  trds  dpais  qui  nuisent  fortement  4 l'amor- 
tissement  propre  du  fuselage  at  4 1 ' amortissement 
da  1’umpennage  vertical,  at  par  suite,  4 l'actiun 
da  la  gouverne  de  direction. 

A l'avant  du  fuselage,  on  retrouve 
l’effet  amort issaur  propre  au  fuselage  qui  varie 
considdrablement  selon  qu'll  est  aplati  verticale- 
mant  ou  horizont element.  Mats  d’autres  effets 
existent.  II  a dtd  vu  dans  las  paragraphes  prdcd- 
dents  qua  das  dcoulements  trds  dissymdtriques 
pouvalent  prendre  nalssance  autour  de  l'avant  du 
fjselage  et  que  l'on  pouvalt  fairs  disparaltre 
ces  dlssymdtrias  par  des  singularitds.  On  conqoit 
alors  aisfiment  que  les  courbures  de  la  forme  des 
cadres  et  que  Involution  de  ces  formes  en  fonction 
de  l’abscisue  sont  aussl  capables  d'agir  tr4s 
fortement.  Par  contre,  il  ast  absolument  impossible, 
4 l'heure  actuelle,  de  donner  des  rdsultats 
gdndraux  sur  ce  point.  Le  chapitre  5 de  la  commu- 
nication fournlt  un  example  d'actior  des  formes 
de  l'avant  a'un  fuselage. 

3.4.6  - Lee  empennages  horisontaux. 


Fig.  9 - Fomu  de  la  section  fuselage 


II  est  possible  d'afflrmar  que  la  taille  des  empennages  horlzontaux  en  elle-mdme  ne  peut  pas 
conditlonner  le  type  de  la  vrille  j 11  exists  en  effet  avec  de  grands  empennages  horlzontaux  des  vrllles 
piqudes  ou  plates,  rapldes  ou  lentes,  calmee  au  agitdes. 


Pour  un  avion  donnd,  la  modification  de  la  taille  de  1 ' empennage  horizontal  peut,  par  contre, 
aglr  de  faqon  sensible  i mais  le  sens  de  l'actlon  n’est  pas  simple.  Pour  expllquer  cela,  11  sufflt  de 
rappeler  ce  qui  en  a dtd  ddJ4  dcrit  au  cours  du  paragraphe  3.2.2  relatlf  4 l'actlon  de  la  gouverne  da 
profondeur  t l'empennage  horizontal  aglt  pour  son  propre  compte  et  aglt  indlrectement  par  1 'interaction 
qu'll  a sur  les  effets  de  l'empennage  vertical.  Si  l'on  veut  apprdcier  l'actlon  Isolde  de  l'empennage 
horizontal,  il  faut  se  reporter  4 la  communication  de  MM.  G0BELT7  et  BEAURAIN **  (I.M.F.Lille)  et  y consi- 
ddrer  l'effet  de  fusdes  en  tangage  i on  constate  alors  que  pour  modifier  fortement  l'attltude  de  vrille, 
des  variations  de  surface  importantes  seralent  ndcessaires.  Or  ces  variatlono  entralnent  un  plus  des 
actions  importantes  sur  le  fonctlonnoment  des  surfaces  vertlcales. 


3.4.6  - L’empennage  vertical. 


Si  4 l'amont  de  l'dcoulement  autour  de  l'empen- 
nage vertical  ne  sa  trouvent  pas  des  volumes  ou  des 
surfaces  ouvrant  des  slllages  qui  balgnent  cat  empennage, 
l'empennage  vertical  par  ta  taille  peut  alors  conditlonner 
trds  fortement  le  type  de  vrille.  Il  n'exlste  pas  de 
vrllles  plates  et  rapldes,  nl  de  vrllles  trds  agltdes  si 
l'empennage  vertical,  sufflsamment  grand,  est  correctement 
allmentd.  Oe  la  mSme  faqon,  l'actlon  de  la  gouverne  de 
direction  -st  grande  si  elle  n'est  pas  masqude.  Le 
T.D.P.F.  relatlf  4 l'actlon  de  la  direction  (voir  figure 
10)  supposalt  lmplicitemant  que  le  masque  ne  pouvait  venlr 
que  de  l'empennage  vertical.  Il  dtalt  adaptd  4 den  avlons 
anclens  i pour  les  avlons  4 reaction  il  n'est  alors 
adaptd,  au  plus,  qu'4  ceux  ayant  lew's  moteurs  sous  la 
vollure,  largement  ditachds  du  fuselage. 

3.6  - les  ouraatMetinues  d'inertie 


3.6.1  - La  masse. 


Fig.  10  - Tail  Damping  Potier  Factor 


Aucune  action  systdmetique  ne  peut  dtre 
attribute  4 la  masse  en  elle-mdme. 


3.6.2  - Le  oentrage. 

On  a coutume,  au  sujet  du  cantrage,  de  pen.ner  exclusivement  au  centrege  longitudinal  i or  le 
ddplacement  latdral  dolt  dtre  conslddrd  avec  encore  plus  de  soln. 

longltudlnalement,  la  position  du  centre  d’inertie  a dvidemment  une  action  fondamentale  sur 
le  ddclenchement  des  mouvements  conduisant  4 la  vrille  i par  contre,  une  fols  la  vrille  entamde,  le 


» 

Titre  de  la  communication  : lotion  sur  la  vrille,  par  moment  "statique" , de  fusdes  st  da 

chargements  dissymdtriques. 


' ■ i**',’*  • ■• 
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cent rage  longitudinal  perd  rapidsment  da  son  importance  t las  vrilles  ne  sont  pat  transformer.'  oar  una 
variation  da  quelques  % ae  corde  de  la  position  longitudinals  du  centre  d*  inertia. 

Pour  las  mouvemants  qul  solvent  1 ’arret  de  la  rotation,  11  est  blen  Evident  qua  la  centrage 
longitudinal  reprend  touts  son  importance  i importance  qui  est  fondamentale  pour  las  avlons  sujats  au 
deep-stall. 


La  dfiplacement  transversal  du  centre  d'lnertie  peut  agir  sur  les  vrilles  de  fa;on  considfi- 
rablement  pi  rapide  que  le  displacement  longitudinal.  Certains  avlons  y sont  tr&s  senslbles.  Oe  fapan 
systdmatique,  le  centre  d'lnertie  vers  l'intfirieur  favorise  la  sortie  de  vrllle  et  vers  l'extirleur 
favorise  le  maintien  de  la  vrill9  (voir  figure  11  a).  La  communication  d i MU.  GOBELTZ  et  BEAURAIN 
(I.M.F.Lille)/  d6J4  cit6e<  traits  en  detail  du  sujet. 

2.5.2  - Lee  momenta  d'inertie 
(figure  11  b) 


Pour  les  avlons  dont  les  moments  d'inertie 
de  roulis  et  de  tangage  sont  voisins,  on  peut 
observer  des  variations  des  rfisultats  en  fonctlon 
do  la  valeur  respective  de  ces  deux  moments.  Par 
contra,  pour  les  avlons  d'armes  de  ces  derni&rss 
annfios,  le  moment  d’inertie  de  tangage  est  tellement 
sup6rieur  b celul  de  roulis  que  1 'action  des  valeurs 
respectlves  de  css  moments  est  largement  masqufic 
par  1' action  des  autres  variables. 

Pour  les  aviuns  8 moments  d'lnertie  de 

tangage  et  roulis  voisins,  on  observe  des 

modifications  non  pas  tenement  sur  les  caractG- 
rlstlquer  moyennes  des  vrilles  mals  plutSt  sur 
les  actions  des  gouvernes  favorables  b la  sortie 
de  vrills.  Le  rficultat  g6n£ral  est  que,  alles 
lourdes,  les  sorties  sont  favorisdes  gauchissement 
Contre,  et  fuselage  lourd  elles  sont  favorisfies 
gauchissement  Avjc. 


b 

INERTES 


-VHkpUpW* 

-GQuchNMmanllMtc* 

pourtarfcup*roH«n 

-Cauchi»»*m*nts 

ndMrartpoirlo 

r«e^4rohnnou*oortr«' 


Fig.  11  - Caract6ristiquee  dynamiques 


Lorcque  les  avlons  sont  b fuselage  tr&s  lourds,  les  attitudes  sont  en  moyenne  plus  plates  > 
une  falble  rotation  de  vrllle  aplovlt  rapidement  celle-ci. 

2.6  - Lea  charges  extdrieuvs. 

2.6.1  - Effet  8elon  lea  positions. 

Les  charges  extfirleurea  sous  le  fuselage,  souvent  plac6es  trop  pr&s  du  centre  d'lnertie  de 
l’avlon,  n'ont  pas  d'effet  systfimatique. 

Les  '-harges  extfirieures  sous  voilure  peuvent  avoir  un  effet  important.  Si  elles  sont  peu 
dlstantes  du  plan  de  sym6trie.  elles  peuvent  avoir  des  dimensions  lmportantes  et  agir  par  leur 
g6om6trie.  Loin  du  plan  de  sym6trle,  elles  ont  une  action  par  les  moments  d'lnertie  aJout6e  i elles 
peuvent  aussi  avoir  une  action  trds  importante  si  elles  sont  dissym6triques,  lntroduisant  alors  de 
senslbles  displacements  latfiriw  du  centre  d'lnertie  > ces  dSplacements  aglssent  alors  plus  que 
l'accrolssement  de  I’lnertle  de  roulis. 


2.6.2  - Les  masses  (figure  12  a). 

On  n'observe  pas  de  modification  syst6motlque  importante  des  caractfiristiques  des  vrilles 
due  aux  masses  s',m6triquement  disposes  des  charges  extdrlcures.  MSme  lorsqu’elles  lntroduisent  des 
momenta  d'lnertie  importants,  lea  moments  de  tangage  des  avlons  d'armes  rGcents  restent  encore 
largement  supSrieurs  b ceux  de  roulis.  Sur  les  vrilles  calmes,  les  actions  sont  foibles.  Sur  les 
vrilles  aglt6es,  en  roulis  principa lament,  1 'action  est  uob  tendance  b rGduire  les  agitations.  Si  les 
vrilles  sont  agltges  de  faqon  d^sordonnde,  les  actions  ne  sont  en  rlen  systdmatiques. 

Oe  fa$on  tout  b fait  inverse,  les  masses 
des  charges  ext6rieures  devlennent  tr&s  actives 
si  elles  sont  dissym6triques  : voir  4 ce  sujet 
la  communnication  de  MM.  GOBELTZ  et  BEAURAIN 
tl.M.F. Lille)  d6J4  citfie. 


2.6.2  - Les  encomtrements 

giomitriques  (fig. 12b) 

En  moyenne,  les  caractfiristiques  des 
sorties  de  vrllle  sont  moins  bonnes  avec  de 
volumineuses  charges  ext6rleures  sous  voilure. 

a 

Fig.  12  - Charges  extirieures 
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Hormis  cette  tendance  sur  la  qualltA  dea  sortie*  da  vrille,  11  n'aat  pat  possible  da  tlrar  das  rAsultata 
gAnAraux  au  sujet  da  l'actlon  da  la  gAomAtrle  des  charges  extArleures  sur  la  vrllla.  La  deterioration 
da  la  qualltA  dr’  sorties  peut  fttre  attribuAe  A ce  qua  das  charges  volumineuscs,  ou  des  allattas  da  charges 
plus  discretes  an  elles-m#mes(  peuvent  perturber  l'Acoulement  devant  des  gouvarnes  da  gauchlssement 
rAduisant  par  1A  les  actions  de  calles-cl. 


2.7  - Le  oontrSle  dee  agitations. 

Les  agitations  dAaorientent  souvent  las  pilotes.  Si  alias  sont  sur 'out  coroposAes  de  roulls, 
alias  sont  encore  analysables.  SI  par  contra,  ce  sont  des  mouvements  dAsordonnAs,  elles  ne  sont  plus 
enalyssbles  at  mSme  la  reconnaissance  d'un  sens  de  vrllla  ast  problAmatique. 

Pour  tous  les  avions.  dont  les  vrllles  sont  egitAes  en  roulls  presque  exclusivement,  11  ast 
possible  de  dAfinir  des  consignes  de  sortie  de  vrille.  Si  les  agitations  peuvent  dAgAnArer  en  auto- 
tonneaux.  las  consignes  doivent  Stre  appliquAes  avant  qua  les  agitations  ne  solent  devanues  trop 
amples.  sinon  la  divergence  s'opAre  sans  possibility  d'actlon.  La  sortie  s'opAre  cependant  parce  que 
les  auto-tonneaux  sont  lnstables.  II  y a done  toute  unp  pAriode  pendant  laquelle  rlen  ne  peut  Atre 
fait  pour  accAlArer  la  sortie. 

Pour  les  avions  qul  sont  agitAs  de  faqon  dAsordonnAe,  la  rAcupAration  ne  s'opAre  pas  salon 
un  processus  systAmatique  comma  aprAs  des  agitations  de  roulls  dlvergentes  cAdant  la  place  A des 
auto-tonneaux.  La  sortie  peut  durer,  pour  das  conditions  de  depart  trAs  volslnes,  des  temps  trAs 
divers.,  certains  redAparts  pouvant  mSme  s'opSrer  aprAs  une  sortie  presque  attelnte.  II  faut  done 
systAmatiquement  se  prAmunir  contre  1'entrAe  en  mouvements  dAsordonnAs  ou  fournir  des  moyens  auxi- 
llalres  au  pilote  pour  que  ces  mouvements  cessent  sans  falre  appel  A un  pilotage  humain. 

Un  rAsultat  gAnAral  sur  les  agitation.,  est  qu’ellef empAchent  l'Atabllssement  de  vrllles 
calmes  qul  pourruient  Stre  dangereuses  i elles  ne  sont  done  pas  systAmatiquement  A amortlr. 


2.8  - Le  aontrdle  dee  vrillee  plates. 


2.6.1  - Vrillee  plates  et  lentee  (figure  12  a) 

Les  vrllles  plates  et  lentes  sont  celles  qul  ont  une  attitude  plate  par  action  du  moment 
aAradynamique  statlque  sans  aide  du  couple  centrifuge  de  tangage.  Ca  sont  les  plus  lncontrfilables 
par  les  gouvernes  ; mSme  1'arrAt  de  la  rotation  ne  ler.  fait  pas  piquer  et  les  commandos  de  profondeur 
sont  inefflcaces  pour  falre  piquer.  Seuls  dns  moyens  de  secours  extArleurs  peuvent  condulre  A la 
sortie. 


2.8.2  - Vrillee  plates  et  rapidee  (figure  12  b) 

Les  vrllles  plates  et  rapldes  deviennent  toujours  en  mgme  temps  plates  d’une  part  et 
rapides  d* autre  part  et  elles  ne  le  deviennent  que  rarement  en  trAs  peu  de  temps  i e’est  l’accrois- 
sement  progresslf  du  couple  centrifuge  de  tangage  qul  les  aplatit.  Css  vrllles  lalssent/avant  d'etre 
totalement  Atablles/un  dAla:  au  pilote  pour  eppliquer  la  consigns  i des  dAparts  dynamiques  an  vrille 
peuvent  cependant  rAdulre  fortement  ce  dAlai. 


Pour  tous  les  avions.  de  tous  types, 
la  vrille  simultanAment  plate  et  raplde  est 
contrAe  par  le  gauchlssement  mis  Avec  i 
si  le  gauchlssement  Avec  est  insuff  isant., 
les  autres  gouvernes  ont  peg  de  chance  de 
l'aider  A le  devenir. 

til  une  vrille  plate  et  lente 
peut  Btre,  modArAment  du  molns.  agltAe  et 
pourtant  se  perpAtuet . par  contre  une  vrille 
plate  et  raplde  n'est  jamais  agltAe.  SI  elle 
a tendance  A s'aglter.  elle  se  ralentit  et 
pique.  Inversement.  si,  lAgArement  agltAe, 
elle  se  calme.  alors  elle  s'accAlAre  et 
s'aplatit. 


Fig.  12  - Vrillee  plates 


2.9  - la  vrille  doe  (figure  14) 
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La  vrllle  dos  est  beaucoup  molns 
fttudiSe  que  la  vrilla  ventre.  En  vol  elle  se 
rencontre  beaucoup  molns.  Elle  est  presque 
toujours  plus  facilement  contr&lable  que  la 
vrllle  ventre.  Pour  les  avlons  d'armes  le 
gauchissement  est  preponderant  sur  le  ventre  j 
11  reste  actlf  aussl  sur  le  dos  et  cela  dans 
le  m8me  sens.  Hals  le  gauchissement  cependant 
ne  reste  pas  preponderant,  c'est  la  gouverne 
de  direction  qul  le  deviant.  Le  plus  souvent, 
une  consigns  tout  au  neutre  est  suffisante 
pour  operer  une  sortie  £ partlr  de  le  vrllle 
qul  est  toujours  plus  piquie.  Seuls  font 
exception  £ ces  regies  les  avlons  £ confi- 
gurations d' empennages  en  T ou  en  V. 


2.10  - le  parachute  (figure  IS  a) 


EMPENNAGES  EN  T 


Fig.  14  - la  vrille  doe 


□ans  la  tr£r  grande  majorite  des  cas, 

le  parachute  antl-vrllle  n'est  pas  requls.  Cependant.  11  psut  Stre  utile  lorsqu.:  les  attitudes  sont 
plates  et  plus  specialement  lorsque  slmultan6ment  la  vrllle  eat  lente,  c’est-£-dire  lorsque  l'on  est  en 
presence  d'un  problems  de  tangage  purement  a6rodynemique.  Lorsque  la  vrllle  ~.st  slmultan6ment  plate  et 
raplde.  son  action  ne  peut  Stre  que  lente  et  n’est  pas  certalnc. 


Lorsque  la  vrille  est  fartement  agitSe  et  que  les  gon /ernes  ne  sont  plus  capables  d'acc616rer 
la  sortie  ou.  £ fortiori,  plus  capables  de  l'entralner.  le  parachute  pourrelt  s'av6rer  utile  si  tout  au 
molns  11  peut  ne  pas  §tre  dangereux  en  accrochant  son  cable  £ 1 'avion.  Pour  des  avlons  prSsentant  de 
tels  rlsques  de  vrllle,  11  faudralt  une  utilisation  tr£s  pr6coce  du  parachute,  ce  qul  est  difficile  £ 
r£allser. 


Enfin,  un  r6sultat  tout  £ fait  g6n6ral.  au  sujet  dns  parachutes,  est  relatif  £ la  longueur  du 
c£ble.  En  dessaus  d'une  demi-longueur  de  fuselage,  le  parac:-.jtR  est  Inopdrant  et  a toutes  les  chances 
d'accrocher  sa  coupole  £ l'avlon.  En  dessous  d'une  longueur  de  fuselage,  le  parachute  a une  efflcacite 
au  m2  ou  au  Kg  qul  est  falble  et  les  rlsques  de  retombSe  exlstunt  encore.  Pour  avoir  une  efflcacite 
convenable,  la  longueur  du  c8ble  dolt  attelndre  une  longueur  et  demie  du  fuselage. 

Pour  aglr  correctement  sur  des  vrllles.  oil  11  est  utile,  un  parachute  a une  coupcle  dont  la 
surface  est  en  moyenne  le  quart  de  la  surface  de  le  vollure  de  l'avlon. 


2.11  - lee  fueiee  (figure  IS  b) 


Puisque  le  parachute  presents  des  rlsques  d'accrochage 
avec  l’avlon,  11  ost  loglque  de  penser  £ des  fusSes.  SI  l’on 
veut  contrer  une  vrllle  avec  des  fus6es  aglssant  sym6triquement, 
celles-cl  dolvent  d6velopper  des  poussSes  tr£s  lmportantes. 

Comma  dans  le  paragraphs  relatif  au  centrage  longitudinal,  11  faut 
falrc  lcl  une  mention  specials  £ propos  des  avlons  sujets  au 
deep-stall.  Pour  ces  avlons,  lorsque  la  rotation  de  vrllle  est 
arrStee,  une  fus6e  aglssant  en  tangage  pourrelt  Stre  tr£s 
efflcace  i elle  n'auralt  pas  £ Stre  aussl  forte  que  pour  arrSter 
une  vrllle  puisque  le  couple  centrifuge  de  tangage  ne  seralt 
plus  £ valncre. 

SI  l'on  utilise  des  fusees  aglssant  de  fa?on  dlssy- 
mStrlque,  on  constate  qu'elles  peuvent  Stre  tr&s  efflcaces 
avec  des  poussSes  faibles.  M<1.  GOBELTZ  et  BEAURAIN  (I.M.F. Lille) 
d6J£  cites,  traltent  de  cela  dans  leur  communication. 

SI  l'on  pense  au>.  fusees,  on  psut  Stre  tents  aussl 
de  penser  aux  rSacteurs,  mais  £ ce  sujet  deux  remerques 
gSnSrales  sont  £ fairs.  D'une  part,  un  rSacteur  en  vrllle 
n'est  pas  apte  £ fournlr  une  poussSe  substantlelle  j d'autre 
part,  dans  la  mesure  ou  un  rSacteur  seralt  capable  de  fournlr 
une  forte  poussSe,  11  n'en  seralt  pas  pour  autant  capable  de  fairs 
sortlr  de  vrllle,  car  pour  sortlr  de  vrllle  11  faut  disposer  de 
moments  et  non  pas  de  forces  i l'effet  des  moteurs  £ hillce 
n'est  pas  assimilable  £ celul  d'une  fusee  i 11  s'aglt  d'actlons 
a£rodynamlques. 


Fig. IS  - Diepoeitife  de  eeooure 
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4 ~ EBAVCHE  D' ETUDE  DE  CORRELATION.  - 

4.1  - Prieentation. 

Cette  dtude,  A l'fitat  d'fibauche  actuellement,  est  faite  en  dficrivant  par  un  certain  nombre  de 
crit&re8(d 'une  part  lea  avions,  d’autre  part  lea  vrillea. 

Lea  crltdres  de  deacrlption  dea  avions  peuvent  Stre  trfes  nombreux.  Leur  definition  est  faite 
h priori,  mala  enaulte  c'eat  la  faqon  dont  11a  se  corr&lent  qui  guldere  les  retouches  nficessaires,  le  but 
etant  de  d6fi"ir  lea  critdres  avlona  qul  ae  corr&lent  le  mieux.  Ces  critSres  avions  pci  tent  sur  la 
g6om6trle  gfint.-ale,  sur  dea  geometries  de  detail  et  sur  I’inertle. 

Lea  crit&res  de  definition  de  vrille  sont.  aoit  qualitatifs,  soit  quantitatifa  > ils  portent 
sur  la  definition  du  mouvement  et  les  actions  possibles. 

La  population  etudiee  est  formee  de  117  avions  differents  de  tous  types  ■ sur  ces  avions,  27 
sont  dea  avions  d'armea  j les  autrea  sont  soit  des  avlona  legers,  soit  ecole,  soit  transport.  Le  nombre 
d’ avions  brut  est  en  fait  accru  par  le  fait  que  les  avions  d'armes  notamment  out  des  versions  suffisam- 
ment  diff6rentes  pour  Stre  comptabilisSes  sfiparfiment.  De  plus,  lorsqu'un  mSme  avion  a plusleurs  vrilles 
pour  une  mSme  combinalson  de  gouvernes,  il  est  aussl  comptabilise  plusleurs  fols. 

Cette  etude  debute  seulement  j les  avions  prls  en  compte  correspondent  aux  20  dernlSres  annSes  > 
nous  ne  sommes  pas  encore  remontSs  au-del&.  Par  ailleurs  il  est  Svldent  que  plus  lu  population  sera  grands, 
plus  11  sortlra  de  renseignements  i aussl  11  aeralt  souhaltable  d'y  ajouter  toutes  les  donnSes  complfimen- 
taires  que  pourralent  fournlr  les  psrsonnes  qul  en  dStiendraient. 

4.2  - Rieultate. 

Afin  de  prSaenter  quelques  rSaultats,  nous  avona  cholsl  de  nous  limiter  A un  trSs  petit  nombre 
de  grandeurs  soit  pour  les  caractSrlstiques  avion  : 

- flSche,  ) 

- hauteur  sur  fuselage.  ) de  la  voilure 

- diSdre,  ) 

* longueur  relative  de  l'avant  du  fuselage, 

- moments  d'inerties, 

et  pour  les  caractSrlstiques  de  vrille  : 

- niveau  des  agitations. 

- attitude  longitudinals. 

- durSe  d'un  tour. 


Dans  le  tableau  de  la  figure  16  se  trouvent  classSes, 
par  ordre  d'lmportance.  las  corrSlatlons.  d'une  part 
pour  1* ensemble  2L  "Tous  avions"  et,  d’autre  part 
pour  le  sous-ensemble  M "Avions  d'armes".  Le 
coefficient  de  corrSlatlon  est  calculS  pour  chacune  des 
27  comblnel80na  de  gouvernes  (3  positions  pour  chaque 
gouvernej.  L'lmportance  relative  est  JugSe  en  tenant 
compte  de  lafnoyenne  des  27  valeurs  et  de  la  valeur 
extrSme  parmi  les  27. 

Dans  le  tableau  ne  sont  prSsentSs  que  les  10 
premiers  (classSs  par  ordre  d'lmportance  dScrolssantel 
parmi  les  IS  coefficients  possibles.  Les  S restants 
sont  d'lmportance  quaai-nulle.  On  volt  lmm£diatement 
qua  la  caractiristique  de  vrille  qul  se  corr&le  le 
mieux  est  le  degr6  d'agitatlons.  Oans  le  chapltre 
pr6c6dent,  nous  avions  not6  que  pour  la  voilure, 
1'analyse  humalne  n'4tait  capable  de  sortir  une  action 
qu'au  sujet  de  la  fldche  i or  on  volt  tout  de  suite 
dans  la  figure  16  apparaltre  i -s  llmltes  de  1'analyse 
humalne  pulsque  le  diddre  et  la  hauteur  d.  I’alle 
semblent  avoir  plus  d'effet  moyen. 

Parmi  ces  coefficients,  faisons  maintenant 
quelques  remarques  sur  Z2  - S.  g - jL  ? d'une  part  et 

d 'autre  part. 


ENSEMBLE  Z 

Tou*  avions 

y Longuour  At  tuooiago 
Agitation* 

Zf  Ondr*  / Agitation a 

Agitotien* 

2V  '»  - Wh*.  tion* 

J,  Hauteur  d*  / 'ail* 
Agitation* 

T longuour  At  luot/ogo 
Aooitlt*  longitudinal* 

J Alithoi 

7 /Ouro*  dt  t tour 

A*oi*tf*  longitudinal* 

Longuour  At  tuoriag* 
bvni*  o*  I tour  ~ 


Qitdr* 

AcoioH*  longitudinal* 


ENSEMBLE  M 
Avions  d'armes 


M longueur  A/  A/ifW 
* AsmiwHi  tongituohr  Hm 

A/  fusttog* 
Afitwtton* 

M Moutour  nH  / 'oi/m 

Af/tmtionm 


Mv  0‘**r*/Agit9iion9 

Mf  / Agtimt/on* 


M Longueur  At  tut*  log* 
Ouro*  d*  I tour 


Mj>  *li,h*Z Agitation* 


Hgutjur  do  I 'oil* 
Ouro*  d*  I tour 

Oi*dro 

Aooiott*  longitudinal* 

Hauteur  d*  ibN* 
Aooiott*  rongdudinoi* 


Rig.  16  - Etude  de  eorrilation 
Cla*eement 


vnsm  *»^yEWP8»iagP'^~ VT  w<  ^ 
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DIRECTION 


-7  v.-  -t-^r  «*y  ^ ^jwG&aswvrfS 


DIRECTION 


. iv-' » cs—iW,7wS¥ 


DIRECTION 


: 17  - Correlation 

! DiAdre  / Agitations 


Fig.  18  - Correlation 
Longueur  AV  Fuselage  / 
Attitude  longitudinals 


Fig.  19  - Correlation 
Fldohe/Dur6e  de  1 tour 


La  figure  17  est  relative  h^L  effet  du  dibdre  sur  les  agitations,  tous  avlons  confondus. 

La  valeur  au  centre  est  la  moyenns  des  coefficients  pour  les  27  comblnalsons  de  gouvernes.  La  ligne 
supftrieure  est  la  moyenne  pour  chaque  position  de  la  direction.  La  colonne  de  drolte  correspond  4 la 
profondeur  et  la  ligne  du  bas  au  gauchissement.  Le  signs  correspond  4 dire  que  plus  le  dl&dre  est 
61ev6,  plus  la  vrille  est  calme.  On  constate  ici  que  l'actlon  est  peu  influences  par  la  position  des 
gouvernes,  les  valeurs  sont  assez  uniformes  dans  tout  le  domains. 

L'exemple  (donn§  dans  la  figure  18)  de  l'effet  de  la  longueur  relative  du  nez  sur  l’attltude 
longitudinals  se  presents  dif f 6remment . En  effet,  on  note  que  les  valeurs  sont  affectees  par  la  position 
des  gouvernes  et,  lcl,  par  les  trois  gouvernes.  C'est  lcl  le  module  de  1'asslette  qul  est  pris  en 
compte  de  sorte  que  plus  le  nez  est  long,  plus  1 'attitude  est  plate.  Pour  deflnlr  s' 11  y a action  par 
Is  couple  centrifuge  de  tangage  au  par  pur  effet  afirodynamique,  11  faudralt  encore  comparer  avec  un 
tableau  relatif  4 la  vitesse  de  rotation. 

SI  dans  la  figure  18  nous  avons  vu  des  dispersions  dans  le  domains  de  gouvernes,  celles-cl 
6taient  encore  telles  que  Is  signs  rests  toujours  le  m6me  i oar  contre,  l'exemple  pr6sent6  dans  la 
figure  19,  relatif  4 la  fl6che-durfie  d'un  tour,  pr£sente  des  slgnes  opposes.  On  notera  quB  la  valaur 
moyenns  generals  est  trSs  faible.  mals  que  des  modules  rBlativement  lmportants  sont  obtenus  avec  les  deux 
slgnes.  On  observe  alnsi  que  direction  Aiec  la  vrille  est  ralentie  par  la  fldche  et  accei6r6e  direction 
Contre.  II  faut  sanu  doute  lier  cela  en  partie  4 une  uniformisation  des  vrilles  vis-4-vis  de  la  direction, 
c'est-4-dire  4 une  moindre  action  de  celle-ci  sur  la  sortie.  II  sera  alors  indispensable  de  definir  la 
pert  que  l'on  peut  attribuer,  pour  cela,  aux  formes  arri&re  de  1 'avion  masquant  la  d6rlve  et  IISes  4 
1 'augmentation  de  la  fl&chs. 

Les  trois  examples  suivants  (figures  20  - 21  - 22)  sont  rBlatifs  aux  avions  d’armes  seulement. 
Une  constatatlon  g6n6rale  : les  valeurs  sont  plus  falbles  que  pour  1 'ensemble  g£n£ral  » cela  peut  8tre 
du  4 une  dispersion  naturelle  mals  aussl  8 une  population  trop  peu  £tendue.  Dans  le  tableau  de  la 
figure  20  on  constate  que  mSme  4 l'intSrieur  du  groups  des  avions  d'armes,  la  longueur  relative  dj  nez 
joue  sur  l’attitude  qui  est  d'autant  plus  plate  que  le  nez  est  long.  Pr6c6demment,  pour  l’ensemble 
g£n6ral,  on  obscrvalt  plus  de  variations  vls-4-vis  des  gouvernes. 


DIRECTION 


AVIONS 


D'ARMES 


DIRE  C*  ION 


Fig.  20  - Correlation 
Longueur  AV  Fuselage  / 
Attitude  longitudinals 


Fig.  Z1  - Correlation 
Hauteur  voilure  / 

Agitations 


Fig.  22  ••  Correlation 
* Ty  / Agitations 
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Si  nous  avons  retenu  de  presenter  le  tableau  de  la  figure  21  c'est  tout  d'abord  parce  que 
l'on  ne  s'attendait  pas  4 trouver  si  bien  placSe  la  corrfilation  hauteur  de  1 'aile-egitations  et  ce 
qul  6tonne  encore  plus,  c'est  le  sens.  En  effet,  le  signe  correspond  4 dire  que  plus  l'alle  est  haute, 
plus  le  phSnomfene  sst  agitS  en  moyenne.  Gauchissement  Centre,  l'action  moyenne  est  nulle  t au  contraire, 
gauchissement  A vec  elle  est  tr4s  marquee,  ce  qul  conduit  done  4 dire  que  plus  l’alle  est  haute,  moln3 
las  sorties  de  vrille  sont  pures.  Ce  rfisultat  mfiritere  comme  bien  d’autres,  uno  6tude  plus  approfondie. 


Le  dernier  exemple  (figure  22)  concerne  les  moments  d 'inertia  et  les  agitations.  Le  signe 
molns  correspond  4 dirs  que  plus  le  moment  d'lnertie  de  tangage  est  grand,  plus  les  agitations  sont 
grandes  ; cela  est  presque  Insensible  4 la  direction  et  4 la  profondeur,  mais  par  contre  on  retrouve 
une  action  de  meme  type  que  celle  de  la  hauteur  de  l'.lle  en  fonctlon  du  gauchissement  : uffet  nul 
gauchissement  Contre  et  effet  net  gauchissement  Avec  ol  les  ph§nom4nes  sont  plus  agltSs  si  1 est 
grand.  A nouveau  done  les  sorties  en  sont  moins  pures.  ^ 


Les  quelnues  examples  qui  viennent  d'etre  donnfis  montrent  bien  qu'une  Studs  de  correlation 
sera  une  aide  substantielle  pour  apprfihender  au  mleux  les  rfisultats  g6n£raux. 


5 - MODIFICATION  DES  VRILLES  SELON  LES  VERSIONS  D'UN  MEME  AVION.  EXEMPLES  DE  LIMITS  D'EMPWI  DES 
RESULTATS  OENERAVX. - 


S.l  - Presentation  du  c-hapitre. 

Lorsqu'un  avion  a une  longue  carrifere,  il  est  Evident  que  voient  le  Jour  3uccesslverient 
difffirentes  versions.  Un  certain  nombre  de  ces  versions  sont  suffisarrment  diffSrentes  des  prfecedentes 
pour  que  l'on  pense,  4 priori,  que  leur  vrille  peut  en  etre  chang§e.  Par  contre,  11  peut  exlster  toute 
une  famille  de  versions  qul  ne  prisentent  entre  elles  que  des  difffirences  mineures.  Ces  differences 
peuvent  etre  dps  modifications  de  forme  locale  pour  loger  et  permettre  l'emploi  de  tel  fiquipement  i 
ce  peut  etre  aussl  l'adjonctlon  d'appendices  discrete.  A cot5  des  differences  dues  au  passage  d'une 
version  4 1 'autre,  il  faut  aussl  prendre  en  compte  les  configurations  de  charges  ext&rleures.  A 
certaines  dates  de  la  carriers  d'un  avion,  on  peut  choisir  lui  faire  emporter  des  charges  plus 
volumlneuses  ou  plus  lourdes  i on  peut  aussi  chulsir  do  le  faire  volar  avec  des  charges  extgrieures 
dissym4triquer . Enfln  une  autre  cause  de  novation  est  le  chengement  du  dompine  de  missions  et  d'emplol 
au  cours  de  ces  missions  i‘e  1' avion. 

L'enoemble  des  points  6voqu6s  peut  ainsl,  au  cours  de  la  vie  opSrationnelle  d'un  avion, 
modifier  considfirablement  les  risques  de  depart  en  vrille,  la  sfevfiritS  de  la  vrille  et  les  aptitudes 
4 la  sortie.  C'e3t  ainsl  qu'un  meme  avion  de  base  pout  raster  des  annges  en  operation  avant  que 
n'apparaissent  des  probldmes  de  vrille. 


5.2-  Miragee  III  Delta. 

5.2.1  - Place  relative  dee  vrillee  dee  Mirages  Til. 

Pour  illustrer  le  point  de  vue  qui  vient  d'§tre  presents  on  a choisi,  en  premior  lieu,  le 
cas  de  l'avion  Mirage  III  Delta.  Oans  1'histoire  des  Mirages  Delta,  nous  ne  remonterons  pas  tout  4 fait 
4 l'origine  i il  sera  exclu  le  Mirage  III  A aui  n'eut  pas  de  vie  opfirationnelle  rdelle.  Cette  premifcrr 
version  avait  une  voilure  ne  comportant  pas  de  bord  d'attaque  cambr6.  Ce  fut  la  seule  qui  eut  cette 
caract6ristique.  En  consequence,  les  versions  dont  il  sera  question  ici  ont  toutes  la  m8me  forme  de 
voilure. 


Le  fait  d'Stre  muni  d'une  aile  delta  rs  classe  pas  du  tout  le  Mirage  III  4 part  des  autres 
avions  aj  sujet  vrille.  Il  entre  dans  une  des  families  dGcrltes  au  chapitre  2,  dans  le  paragraphs 
ayant  pour  titre  "Accroissement  de  la  fldche  des  avions  4 reaction".  C’est  un  avion  qui,  selon  les 
conditions,  peut  avoir  pour  une  mgme  configuration  aussi  bien  une  vrille  plate  et  tapide  qu’une  vrille 
agltee.  Le  typR  d’egitations  est  caract6ristique  j les  agitations  sont  presque  exclusivement  compos6es 
de  roulis.  Ces  agitations  ordonnees  ne  posent  pas  en  elles-memes  de  problgmes. 


5.2.2  - Les  vrillee  dee  vremiires  versions  C et  E. 

Les  premieres  versions  gtudlgos  en  vrille  furent  les  versions  C et  E (voir  figure  23).  Ces 
deux  versions  ont  un  nez  de  revolution  presque  conlque  i 1 'avant  du  III  E 6tant  un  peu  plus  long  que 
celul  du  III  C.  Sous  l'avant  du  III  E il  y a un  renflement  abritant  un  doppler.  Les  ossais  en  soufflerie 
avaient  sur  ces  versions  mis  en  evidence  une  tr4s  nette  predominance  des  agitations  vis-4-vis  de  la 
vrille  plats  et  rapide.  Meme  si  la  maquette  etalt  lancee  en  vrille  plate  et  rapide  avec  toutes  les 
precautions  ngcessalres  p.-ur  que  lo  mquvement  impose  soit  calre,  des  agltoticns  finissaient  toujours 
par  apparettre.  Ces  agitations  freinaient  la  vrille.  A la  suite  des  agitations  on  pouvalt  obtenir  une 
3ortie  ventre  ou  bien  lei  ogitu^ions  d6g4n6reient  en  auto-tonneaux.  Ces  auto-tonneaux  6taient  toujours 
lnstables  i l'axo  long! ' i.dinal , au  d6but  -olsln  de  1 'horizontale,  plongeait  rapldement.  Si  une  vrille 
crime  s'agltait,  l'inverse  n'6tait  pas  possible,  une  vrille  agitge  ne  se  calmalt  pas  i de  cela  on 
conclut  alors  que  la  vrille  plate  et  rapide  ne  aerslt  que  dlff icilement  observable  en  vol.  Lors  dec 
campagnes  d'essais  en  vol  faites  sur  ces  deux  versions,  on  retrouve  les  agitations  nuisibles  au  meintien 
de  la  vrille  et.  vu  leur  nature,  fevorables  4 la  r6cup6ration. 
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normals  avalt  une  vrille  agltde.  done  sans  probldmes,  ces  cardnages  ont  calmd  la  vrllle  et  alnsl  amend 
une  vrllle  plate  et  raplde.  O'autres  essals  concemant  too  jours  l'effet  de  ces  cardnages  ont  amend  des 
rdsultats  dgalement  intdressants  i nous  avons  prolongd  ces  cardnages  vers  l'avant  et,  & la  llmlte, 
Jusqu'd  la  polnte  avant.  Au  fur  et  d mesure  que  les  cardnages  dtalent  allongds  la  vrllle  plate  et  raplde 
s'dtabllssalt  plus  facilement  et  lorsqu'elle  dtalt  parfaitement  dtablie,  ses  caractdristlques  dtalent 
plus  sdvdres,  comme  le  montrent  les  rdsultats  cl-dessous  : 

- Cardnages  normaux  2,5  sec/tour  3 d 3,5  g au  pilote 

- Cardnages  prolongds  de  1 mitre  ou  plus  1,9  sec/tour  6 g au  pilote 

Pour  les  versions  blplace,  les  cardnages  normaux  ont  done  aggravd  les  phdnomdnes  ; mals 
ceux-ci  auralent  pu  etre  encore  plus  graves  si,  par  ndcessltd,  les  tuyauterles  avalent  dtd  plus  longues 
sur  1* avion. 


5.3  - Lightning. 


Le  Lightning,  comme  le  Mirage  Oelta,  est  un  avion  de  carridre  longue  i 11  eut  alnsl  pluslcurs 
versions  entie  lesquelles  11  exlstalt  certalnes  diffdrences  gdomdtriques  portent  sur  divers  dldments 
de  l‘avion.  Alnsl,  par  rapport  d une  version  dite  de  base, certalnes  versions  avalent  : 


- une  ddrive  plus  grande  (corde  de  base  lnchangde,  corde  extrdme  haute  doublde,  hauteur 
inchangde) , 

- un  cockpit  plus  volumineux  (version  blplace), 

* une  vollure  agrendie  (envergure  conservde  mals  corde  agrandle  vers  l'avant  d partlr  de  la 
moitid  de  1 ' envergure  environ), 

- un  fond  de  fuselage  plus  bombd  (passage  d'un  rdservoir  de  250  gallons  d un  rdservoir  de 
600  gallons)  : le  rdservoir  de  250  gallons  portait  une  qullle  unique  d l’arridre,  tandls 
que  le  600  gallons  avalt  deux  qullles  Incllndes  d peu  prds  au  meme  endrolt  que  la  qullle 
unloue  en  longitudinal.  La  surface  d'une  qullle  lnclinde  dtalt  environ  double  de  cells 
de  la  qullle  unique. 


Pour  certalnes  versions,  ces  modifications  dtalent  comblndes  les  unes  avec  let  autres  de 
telle  sorte  qu'en  face  de  changements  de  la  vrille,  11  dtalt  impossible  de  Jdfinlr  la  mollfication 
qul  avalt  provoqud  ce  changement. 

Pour  toutes  les  versions  du  Lightning,  la  vrille  la  plus  frdquem-nent  rencontrde  dtalt 
notablement  agltde  en  tangage  et  roulls  i 11  s'aglt  toutefols  d 'agitations  ordonndes. 

En  plus  de  la  vrllle  agltde,  un  autre  type  de  vrllle  a dtd  trouvd  (en  soufflerle  et  sur 
avion)  mals  seulement  pour  certalnes  versions.  Par  rapport  d la  premidre  vrille,  cette  durnidre 
vrllle  dtalt  sensiblement  moins  agltde,  mains  piqude  et  plus  raplde,  sans  qu'il  s'aglsse  toutefols 
d'une  vrille  qul  pulsse  etre  quallflde  de  plate  et  raploe. 

A partlr  d'une  vrille  agltde,  l'arrdt  s'obtenait  en  manoeuvrant  une  seule  gouverne  : 11 
faut  entendre  oar  Id  que  les  autres  gouvernes,  lalssdes  d un  braquage  quelconque,  n'empdchalent  pas 
l'arrdt.  Stopper  une  vrllle  calme  dtalt  moins  simple  pulsqu'une  manoeuvre  suppldmentaire  sur  une 
autre  gouverne  s'avdrait  ndeessaire. 


'Jne  oj  plusieurs  modifications  gdomdtricues  apportdes  au  Lightning  avalent  done  ddtdriord, 
mats  moddrdment,  sa  vrllle.  Ddfinir  cette  ou  ces  modifications  dtalt  dvldemment  Impossible  par  des 
essals  avion. 


En  soufflerle,  en  dtudlant  sdpardment  chacune  des  modifications  eltdes  cl-dessus,  11  a pu 
fitre  m'  . on  dvldence  quec'dtait  le  remplacement  de  le  qullle  unique  par  les  deux  qullles  Incllndes 
(voir  f .gure  24)  qul  avalt,  le  plus,  changd  le  caractdre  de  la  vrllle.  Ld  encore  on  se  trouve  menl- 
festement  devant  un  cas  qul  Impose  de  ne  conslddrer  les  rdsultats  gdndraux  que  comme  des  Indications 
et  non  des  certitudes. 


Fig.  24  - Lightning  - Fomee  du  fond  de  fuselage 
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SUMMARY 

The  use  of  automatic  flight  control  systems  for  the  Improvement  of  an  aircraft's  high-angle-of~attack 
flight  dynamics  as  veil  as  the  prevention  of  loss  of  control  is  becoming  a more  commonplace  practice. 
Implementations  range  from  relatively  simple  stick  pushers  as  on  the  F-104  to  more  complex  stability  aug- 
mentation and  limiting  systems  where  state  information  is  used  to  compute  switching  boundaries  as  a func- 
tion of  several  variables  such  as  angle  of  attack,  sideslip  angle,  and  pitch  rate.  Augmentation  of  this 
sort  has  been  used  as  a fix  for  problems  of  existing  aircraft  and  more  recently  hau  been  Incorporated  early 
in  the  design  stage  as  on  the  control-configured  vehicles.  This  paper  addresses  the  development  and  appli- 
cation of  various  types  of  automatic  flight  control  systems  for  high-angle-of-attack  augmentation  and 
limiting.  Considerations  included  are  Improved  handling  qualities  for  maximum  tracking  effectiveness, 
reduced  pilot  workload,  control-configured  'ehicles,  stall  Inhibitors,  and  departure  prevention  systems. 

LIST  OF  SYMBOLS 

Cl  - 1th  switching  boundary  coefficient 
Ci  - Dimensionless  rolling  moment  coefficient 
C,,  - Dimensionless  yawing  moment  coefficient 

Ki  - ith  control  law  coefficient 

L - Rolling  moment 

Lr  - Dimensional  rolling  moment  coefficient  due  to  body-axis  yaw  rate 
N - Yawing  moment 

Np  - Dimensional  yawing  moment  coefficient  duo  to  body-axis  roll  rate 
p - Body-axis  roll  rate 

q - Body-axis  pitch  rate 

r - Body-axis  yaw  rate 

rg  - Stability-axis  yaw  rate 

5 - Laplace  operator 

VQ  - Free-stream  velocity 

- Dimensional  norma)  force  coefficient  due  to  a 
a - Angle  of  attack 

a*  - Departure  boundary 

a - Angle  of  attack  rate 

6 - Sideslip  angle 

daj  - Aileron  command  due  to  departure  preventer 
6C(j  - Elevator  command  due  to  departure  preventer 
4rj  - Rudder  command  due  to  departure  preventer 


INTRODUCTION 

Limiting  flight  control  systems  have  evolved  chiefly  as  a means  to  provide  a solution  to  loss-of- 
control  problems  occurring  at  high  angles  of  attack.  Due  to  rapidly  changing  stability  and  control  charac- 
teristics in  the  near-stall  flight  regime,  degraded  and/or  dangerous  flying  qualities  may  result. 

Degraded  flying  qualities  may  be  caused  by  buffet  buildup,  reduced  aircraft  damping,  nonlinear  aero- 
dynamic effects,  and/ci  pronounced  dynamic  coupling  effects  with  increasing  angle  of  attack.  These  effects 
^gfl_g£^g£-_2oor_t£acking_£etYormancc  and  poor  ride  qualities  at  high  angles  of  attack. 
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Dangerous  flying  qualities  can  result  from  rapid  changes  in  bare  airframe  forces  and  moments 
encountered  with  increasing  angle  of  attack.  Uncontrollably  large  forces  and  moments  may  exist  in  certain 
ranges  of  angle  of  attack  so  that  phenomena  such  as  pitch  up,  nose  slice,  wing  rock,  and/or  spin  may  be 
exhibited  if  the  pilot  allows  the  aircraft  to  enter  that  flight  regime.  Limiting  systems  are  designed  to 
guard  against  inadvertent  entries  into  such  flight  regimes. 

The  above  phenomena  would  appear  to  be  open  loop  in  nature  for  the  most  part,  however  evidence  exists 
that  wing  rock  may  be  both  an  open-loon  (Reference  1)  and  potentially  a closed-loop  phenomena.  Nose  slice 
has  been  thought  of  as  primarily  an  open- loop  phenomena,  but  Reference  2 has  shown  that  in  one  instance 
pilot  closure  of  a pitch  attitude  to  elevator  tracking  task  can  cause  an  open-loop  lateral-directional 
pole  to  migrate  with  increasing  pilot  gain  near  stall  angles  of  attack  toward  a strongly  unstable  right- 
half  plane  real  zero.  This  right-half  plane  zero  was  caused  primarily  by  the  complex  coupling  terms  L<, 
and  Na.  Consideration  of  only  bare  airframe  characteristics  predicts  an  oscillatory  divergence  whereas 
flight  experience  shows  an  initial  exponential  divergence  as  predicted  by  the  pilot-in-the-loop  analysis 
of  Reference  2. 

Since  there  is  evidence  that  both  open-loop  and  closed-loop  phenomena  exist,  careful  consideration 
of  control  system  structure  and  gain  selection  can  be  used  to  eliminate  or  at  least  attentuate  some  of 
the  closed-loop,  high-angle-of-attack,  loss-of-control  problems  if  their  nature  can  be  sufficiently  identi- 
fied. However,  when  the  point  is  reached  where  the  destabilizing  forces  and  moments  acting  on  the  airplane 
exceed  the  control  forces  and  moments  available  for  stabilization,  loss  of  control  will  result  no  matter 
how  smart  the  flight  control  system  or  pilot.  The  only  ways  to  prevent  such  loss  of  control  are  to  reduce 
the  destabilizing  forces  and  moments,  Increase  tne  control  forces  and  moments  available  for  stabilization, 
and/or  to  limit  aircraft  attitudes  and  angular  rates  to  insure  that  the  aircraft  will  not  enter  the  region 
of  loss  of  control. 

Depending  upon  the  aircraft  and  its  mission,  even  if  dangerous  loss-of-control  conditions  are  known 
to  exist,  they  may  be  so  far  removed  from  the  normal  flight  regime  that  a limiting  system  is  not  warranted. 
A simple  warning  system  such  as  lights,  audible  tone,  stick  shaker,  etc.,  or  even  natural  warning  through 
aerodynamic  buffet  may  be  more  than  adequate.  However,  if  the  aircraft.  Its  mission  and  loss-of-control 
characteristics  warrant  a limiting  system,  a switching  boundary  must  be  established  to  trigger  the  limit- 
ing system.  Thus  comes  the  concept  of  a loss-of-control  boundary. 

The  computed  loss-of-control  boundary  which  will  be  used  to  trigger  the  limiting  system  should  be 
established  to  insure  that  all  likely  loss-of-control  situations  are  covered.  In  actuality,  the  true  loss- 
of-control  boundary  can  be  a complex  nonlinear  function  of  many  parameters  such  as  angle  of  attack,  pitch 
rate,  roll  rate,  sideslip  angle,  external  store  complement,  etc.  However,  a switching  boundary  which  is 
a complex  function  of  all  of  these  variables  is  not  practical.  In  many  cases,  the  switching  boundary 
which  has  been  selected  for  limiting  systems  has  been  simply  a fixed  value  of  angle  of  attack  led  by  pitch 
rate  to  guard  against  dynamic  overshoot.  This  fixed  angle  of  attack  is  chosen  small  enough  so  that  loss 
of  control  will  not  be  induced  by  adverse  values  of  other  Influencing  parameters. 

A simple  example  of  the  influence  of  factors  other  than  simply  angle  of  attack  and  pitch  rate  is 
shown  in  Figure  1.  Above  the  loss-of-control  boundary  shown  is  a known  region  of  pitch  up  which  is  pri- 
marily a function  of  angle  of  attack.  However,  as  higher  roll  rates  are  achieved,  the  angle  of  attack  at 
which  pitch  up  can  occur  reduces  due  to  inertia  coupling  effects.  Shown  on  this  figure  is  a switching 
boundary  for  a simple  angle  of  attack  limiter.  If  chosen  as  shown,  this  limiter  will  not  protect  against 
pitch  up  at  extreme  roll  rates  and  ar  low  to  moderate  roll  rates  it  sacrifices  maneuverability  due  to 
reduced  load  factor  and  turn  rate  capability.  One  could  limit  roll  rate  at  high  angles  of  attack  but 
this  also  directly  limits  maneuverability.  If  maneuverability  is  a dominant  consideration  for  the  air- 
craft and  its  mission,  then  a loss-of-preventer  triggered  as  shown  in  Figure  1 as  a function  of  both  angle 
of  attack  and  roll  rate  would  allow  for  maximum  maneuverability  while  still  protecting  against  loss  of 
control. 

As  is  evident  from  the  above  simple  example,  loss  of  control  prevention  and  maneuverability  may  he 
two  conflicting  concepts.  Careful  consideration  as  to  the  choice  of  the  switching  boundaries  to  be  used 
with  the  limiting  flight  control  system  should  be  made  with  the  aim  of  getting  the  best  of  both  worlds. 

The  remainder  of  this  paper  deals  with  a short  and  by  no  means  complete  history  of  limiting  fllRht 
control  systems  beginning  with  simple  stick  pushers  and  ending  with  limiting  systems  triggered  as  a complex 
function  of  several  state  variables  including  multi-axis  feedback  loops.  This  is  followed  by  a discussion 
of  a current  concept  for  a limiting  flight  control  system  tailored  for  the  A-7D  which  will  not  only  previde 
a limiting  function  but  will  also  Improve  high-angle-of-attack  flight  by  delaying  loss  of  control.  The 
paper  is  then  concluded  by  a discussion  of  a recommended  approach  to  loss-of-control  problems  and  Halting. 
This  discussion  also  Includes  some  interesting  problems  and  possibilities  for  control-configured  vehicles 
(UCV) . 

HISTORY 

High-angle-of-attack  limiting  systems  have  been  around  since  the  most  early  days  of  manned  flight, 
when  it  was  recognized  that  aerodynamic  buftcl  felt  by  the  pilot  was  a prelude  to  loss  of  control  and 
appropriate  action  had  to  be  taken  to  Increase  airspeed  (reduce  angle  of  attack)  or  loss  of  control  would 
ensue.  Tills,  In  a fundamental  sense,  is  a limiting  flight  control  system  where  the  switching  boundary  Is 
the  aerodynamic  buffet  and  the  pilot  recognition  of  the  warning  and  his  subsequent  action  are  the  limiting 
function.  However,  many  current  aircraft  such  as  the  A-/  and  F-4  exhibit  aerodynamic  buffet  onset  so  far 
before  loss  of  control  occurs  and  the  buffet  intensity  buildup  Is  stretched  over  such  a large  range  of 
angle  of  attack,  thal  It  cannot  effectively  be  used  as  a warning  of  impending  loss  of  control. 

Lights  and/or  audible  tones  trlggereJ  on  some  threshold  of  angle  of  attack  have  been  developed  and 
used  as  a loss-of-control  warning  system  for  a large  complement  of  aircraft  and  are  effectively  In  use  for 
many  current  aircraft.  However,  in  combat  situations  when  pilot  workload  Is  great,  other  audible  tones  are 
In  use  and  the  situation  calls  for  chiefly  head-out-of-the-cockplt  maneuvering,  lights  and/or  audible  tones 
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can  easily  be  ignored. 

In  situation*  where  aerodynaalc  buffet  cannot  be  relied  upon  and  pilot  workload  makes  doubtful  the 
effectiveness  of  lights  and/or  audible  tones  for  warning,  stick  shakers  and  rudder  pedal  shakers  have 
been  developed  and  used  as  effective  warning  devices.  However,  rudder  pedal  shakers  are  useless  when  the 
pilot  is  maneuvering  with  his  feet  on  the  floor. 

In  situations  where  more  than  loss-of-control  warning  is  required,  devices  such  as  stick  pushers  have 
been  developed  to  provide  a nose  down  pitching  moment  to  reduce  angle  of  attack  when  some  maxima  allowable 
angle  of  attack  has  been  reached.  To  guard  against  dynamic  overshoot  in  angle  of  attack,  pitch  rate  has 
been  used  to  lead  the  limit  angle  of  attack  in  some  stick  pusher  implementations.  The  systems  are 
normally  implemented  so  that  they  can  be  overriden  by  a large  pilot  breakout  force.  However  many  pilots 
tend  to  dislike  such  systems,  even  if  what  the  pilot  is  trying  to  do  la  wrong,  ainci  the  system  tends  to 
take  control  of  the  aircraft  from  the  pilot.  To  handle  hlgh-angle-of-attack  pitch-up  problems,  stick 
pushers  have  been  developed  for  the  F-101  and  F-104  aircraft  and  have  been  effectively  in  use  for  many 
years  on  these  aircraft. 

In  more  recent  years,  Honeywell  developed  what  they  called  a Boundary  Control  System  for  the  Air 
National  Guard  F-101  aircraft  to  handle  the  previously  mentioned  pitch-up  problem.  This  system  is  similar 
to  a stick  pusher  but  with  one  particularly  important  difference.  Rather  than  pushing  the  stick  forward 
at  the  switching  boundary,  the  Boundary  Control  System  acts  as  a moving-stick  stop  in  that  once  a limit 
value  of  angle  of  attack  and  weighted  pitch  rate  is  reached,  further  aft  motion  of  the  stick  is  not  possi- 
ble unless  the  pilot  applies  a sufficiently  large  pull  force  to  override  the  automatic  system.  Tills 

system  is  more  readily  acceptable  to  pilots  since  it  appears  to  be  a natural  characteristic  of  the  vehicle 
rather  than  the  artificial  feeling  of  the  stick  pusher  pulling  the  stick  from  the  pilot's  hands. 

In  1959,  in  time  between  the  development  of  the  stick  pusher  and  the  Boundary  Control  System,  the 
Cornell  Aeronautical  Laboratory  (CAL)  performed  a particularly  noteworthy  effort  with  regards  to  a hlgh- 
angle-of-attack,  loss-of-control  problem  on  the  F-7U  aircraft  (Reference  3).  Rather  than  limiting  air- 
craft motions  within  some  prescribed  loss-of-control  boundary,  CAL  took  the  approach  of  changing  the  loss- 
of-control  boundary  through  use  of  a control  law  tailored  for  high-angle-of-attack  flight.  A large  forward 
vertical  canard  was  installed  on  the  aircraft  to  provide  directional  control  power  at  high  angles  of 
attack  for  use  in  stabilization  of  the  aircraft  through  an  ap-r  feedback  loop.  This  is  stability  axis  yaw 

rate.  By  closing  the  directional  axis  loop  in  this  manner,  the  aircraft  tended  to  roll  about  its  velocity 

vector  rather  than  an  axis  near  the  aircraft  longitudinal  body  axis.  In  this  way,  during  high-angle-of- 
attack  rolling  flight,  sideslip  angle  is  held  near  zero.  By  minimizing  sideslip  excursions  in  high-angle- 
of-attack  rolling  flight  In  this  manner  the  post-stall  gyration  problem  of  the  F-7U  was  effectively  handled 
at  least  on  an  experimental  basis. 

In  1971,  NASA  Langley  Research  Center  demonstrated  the  concept  of  an  automatic  spin  preventer  on  one 
of  their  F-lll  free-flight  drop  models  (Reference  4).  The  system  was  triggered  when  fixed  levels  of  angle 
of  attack  and  yaw  rate  were  exceeded.  The  system  was  attempting  to  sense  the  incipient  spin.  When  the 
boundary  was  exceeded,  normal  spin  recover  controls  were  automatically  applied.  A normal  accelerometer 
sensed  whether  the  incipient  spin  wav  erect  or  Inverted  and  the  sign  of  the  yaw  rate  determined  the  sense 
of  the  lateral  and  directional  controls  required.  Spin  recovery  controls  were  automatically  held  until 
angle  of  attack  and  yaw  rate  had  returned  to  levels  consistent  with  controlled  flight  at  which  time  the 
automatic  system  returned  control  of  the  drop  model  to  the  operator.  This  system  was  demonstrated  to  be 
effective  in  preventing  the  spin  of  the  dynamicallv-scale  free-flight  drop  model  of  the  F-lll  aircraft. 

In  the  early  1970's  General  Dynamics  developed  and  tested  on  an  F-lll  aircraft  a Stall  Inhibiting 
System  (SIS)  (Reference  5).  This  system  was  designed  to  inhibit  loss  of  control  at  high  angles  of  attack 
and  was  triggered  on  angle  of  attack  alone.  The  SIS  consisted  of  two  basic  parts.  One  part  was  called  an 
Angle-of-Attack  Limiter  and  the  other  was  called  a Beta  Reducer.  The  Angle-of-Attack  Limiter  was  activated 
when  the  switching  boundary  had  been  exceeded  and  the  stabilator  was  then  driven  in  proportion  to  the 
difference  between  the  measured  angle  of  attack  and  the  switching  boundary  to  eventually  limit  angle  of 
attack.  This  system  operated  in  conjunction  with  the  normal  longitudinal  command  augmentation  system  (CAS) 
of  the  F-lll  and  reduced  CAS  gains  above  the  switching  boundary.  The  Beta  Reducer  was  also  triggered  when 
another  switching  value  of  angle  of  attack  had  been  exceeded.  At  this  time  additional  augmentation  loops 
(rolling  tail  to  rudder  interconnect  with  angle  of  attack  and  stability  axis  yaw  rate  to  rudder  feedback) 
were  activated  to  heavily  damp  the  directional  axis  to  drive  sideslip  angle  near  zero.  The  total  system 
was  Implemented  to  drive  the  control  surfaces,  not  the  stick,  so  that  again  the  characteristics  appear  to 
be  the  natural  characteristics  of  the  aircraft.  However,  since  CAS  gains  are  reduced  and  angle  of  attack 
to  elevator  feedback  is  initiated  above  the  switching  boundary,  stick  forces  are  increased  and  CAS  nose-up 
authority  is  reduced.  The  system  was  refined  and  worked  well  during  the  flight  test  program. 

In  1973  the  Calspan  Corporation  performed  a design  study  and  manned  simulation  of  an  automatic  depar- 
ture prevention  system  for  the  A-7D  aircraft  (Reference  6).  In  one  fundamental  aspect  this  system  is 
different  than  all  of  the  limiting  systems  described  above.  It  not  only  provided  a limiting  function,  but 
it  also  Improved  high-angle-i f-attack  "ability  and  allowed  the  simulator  pilots  to  take  advantage  of  an 
expanded  usable  maneuver  envelope.  The  approach  taken  during  the  study  phase  of  the  effort  was  to  establish 
the  sensitivity  of  aircraft  loss  of  control  to  variations  in  parameters  such  as  angle  of  attack,  sideslip 
angle,  Mach  number,  roll  rate,  turn  rate,  and  center-of-gravity  position.  Based  upon  wind  tunnel  data 
analysis,  digital  simulation,  and  existing  flight  test  information,  a definite  trend  of  angle  of  attack 
required  for  loss  of  control  decreasing  with  increasing  sideslip  angle  was  established  for  the  A-7D.  Based 
upon  this  analysis  a switching  boundary  was  formulated  for  the  limiting  flight  control  system.  The 
boundary  was  a function  of  not  only  angle  of  attack  biased  by  weighted  pitch  rate  but  also  a function  of 
the  magnitude  of  the  sideslip.  This  aoproach  was  in  consonance  with  the  concept  of  allowing  for  the  maxi- 
mum level  of  maneuverability  while  guarding  against  loss  of  control.  The  control  laws  developed  during 
this  effort  were  similar  in  concept  to  those  developed  fer  the  SIS.  Angle  of  attack  was  retarded  In  pro- 
portion to  state  variable  excursions  beyond  the  switching  boundary,  and  at  the  switching  boundary  heavy 
directional  augmentation  was  initiated  to  reduce  sideslip  angle  toward  zero.  The  directional  augmentation 
added  it;  ■ normal  A- 7D  augmentation  beyond  the  switching  boundary  waa  based  upon  sideslip  angle,  the 
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Integral  of  sideslip,  and  stability  axis  yaw-rate  feedback.  All  of  the  system  and  switching  boundary  gains 
were  left  as  variables  during  the  simulation  to  allow  for  optimization  of  the  system  with  the  pilot  in  the 
loop.  This  system,  its  implementation,  the  simulation,  and  results  will  be  discussed  in  detail  in  the 
next  section. 

As  can  be  seen,  there  is  a great  range  of  limiting  flight  control  systems  that  have  been  designed  to 
address  the  myriad  of  problems  that  are  classed  as  hlgh-angle-of -attack  loss-of-control  problems.  Such 
factors  as  pilot  acceptability,  system  effectiveness,  system  cost,  and  cor; 'exlty  must  be  considered  when 
choosing  the  approach  to  solving  such  problems.  A system  that  is  interruptive  will  not  likely  receive 
pilot  acceptance.  A system  which  operates  in  a manner  to  appear  to  the  pilot  to  be  the  natural  response 
of  the  aircraft  can  more  readily  obtain  pilot  acceptance  if  it  is  also  reliable  and  effective.  The 
system  described  in  the  next  section  has  promise  of  being  such  a system.  The  final  proof  of  such  a con- 
cept has  to  be  flight  test  demonstration. 

A CURRENT  CONCEPT 

Reference  6 documents  the  conceptual  design,  breadboard  development,  and  pilot-ln-the-loop  evalua- 
tion of  an  automatic  departure  prevention  system  for  fighter  aircraft.  Using  the  A-7D  as  the  study  air- 
craft, a departure  boundary  characterized  by  angle  of  attack  and  sideslip  angle  was  determined  from  the 
available  data.  The  departure  boundary  was  then  used  to  help  design  an  automatic  departure  preventer. 

The  departure  preventer  provides  automatic  control  inputs  to  the  pitch  tnd  yaw  axes.  Based  upon  analysis 
and  simulation  results,  the  automatic  departure  prevention  device  works  smoothly  and  will  benefit  the 
A-7D  aircraft.  With  the  departure  preventer,  the  pilots  could  maneuver  freely,  with  great  confidence, 
and  use  the  full  capability  of  the  airplane  well  beyond  the  present  departure  boundary.  The  program 
documented  in  Reference  6 consisted  of  five  phases:  analysis,  design,  digital  simulation,  fabrication 

of  breadboard  hardware,  and  piloted  ground  simulation. 

The  goal  of  the  departure  preventer  was  to  deter  the  pilot  from  departing  the  aircraft  from  controlled 
flight  without  degrading  its  full  operational  flight  envelope.  In  the  study  and  simulation  effort,  this 
goal  was  exceeded  since  the  departure  preventer  designed  was  not  only  capable  of  preventing  loss  of  con- 
trol but  it  was  also  capable  of  expanding  tie  A-7D’s  flight  envelope.  To  achieve  this  goal  the  system 
was  designed  to  permit  the  aircraft  to  fly  along  the  departure  boundary  rather  than  to  force  the  aircraft 
from  it.  Clearly,  the  determination  of  the  departure  or  loss-of-control  boundary  is  the  first  step 
toward  designing  such  a system.  The  departure  boundary  is  considered  analytically  to  be  a stability 
boundary.  Determination  of  the  boundary  was  based  upon  the  use  of  semi-analytical  methods  relying  heavily 
on  digital  computer  simulation  and  physical  considerations.  A stability  criterion  based  on  an  autonomous 
system  description  with  initial  conditions  but  without  control  inputs  was  selected  in  that  it  was  readily 
amenable  to  digital  computer  simulation. 

The  stall  approach  and  departure  charactt  'istics  of  the  A-7D  are  as  follows.  For  normal  1 "g"  stalls 
in  the  cruise  configuration,  buffet  onset  occuri.  at  11.5  to  13.5  degrees  of  angle  of  attack  and  increases 
in  intensify  until  stall,  which  occurs  at  approximately  21  degrees  of  angle  of  attack.  The  stall  charac- 
teristics of  the  A-7D  are  fairly  independent  of  external  store  arrangement  and  Mach  number.  From  buffet 
onset  to  the  stall,  a relatively  wide  range  of  angle  of  attack  exists  (as  high  as  10  degrees).  As  the 
angle  of  attack  is  Increased  beyond  buffet  onset,  the  intensity  of  the  buffet  slowly  increases  for  a while 
then  stays  constant,  providing  Inadequate  stall  warning.  The  A-7D  stall  is  defined  as  a directional 
divergence  (nose  slice)  in  either  direction  accompanied  by  a wing  drop  in  the  direction  of  yaw.  Recovery 
during  departure  is  immediate  if  the  stick  is  returned  to  neutral  and  released  while  simultaneously 
applying  opposite  rudder  provided  this  action  is  taken  before  approximately  20  degrees  of  yaw  is  reached. 

In  determining  the  departure  boundary,  the  available  flight  test  data  were  first  surveyed  to  see  if 
there  existed  general  trends  of  the  major  state  variables  such  as  angle  of  attack,  sideslip  angle,  yaw 
rate,  etc.,  at  the  departure.  The  high-angle-of-attack  wind  tunnel  data  were  then  analyzed  with  the 
primary  emphasis  placed  on  the  lateral-directional  static  derivatives,  Cna  (o,  6)  and  Cl*  (a,  8) . Calcula- 
tions using  the  high-angle-of-attack  wind  tunnel  data  showed  that  the  lateral  and  directional  static  deriva- 
tives were  strongly  affected  by  the  angle  of  attack  as  well  as  the  angle  of  sideslip.  These  characteristics 
are  shown  in  Figures  2 and  3.  Examination  of  stall  approach  flight  test  time  histories  and  full-scale 
spin  evaluation  tests  on  the  A-7B/A  and  the  A-7D  revealed  a general  trend  of  angle  of  attack  versus  side- 
slip angle  in  the  vicinity  of  departure.  When  the  sideslip  angle  was  large,  the  angle  of  attack  at  the 
departure  tended  to  be  smaller.  Other  variables  such  as  angular  velocities  and  aileron  position  were 
also  studied  for  a recognizable  correlation  with  departure;  however,  there  was  no  definable  trend  for 
these  variables. 

A nonlinear  six-degree-of-freedom  digital  computer  program  incorporating  the  A-7D  wind  tunnel  data 
for  high  angles  of  attack  was  used  to  establish  the  departure  boundary  by  applying  several  values  of  the 
initial  sideslip  angle  from  some  Isolated  equilibrium  conditions  in  the  vicinity  of  departure.  As  shown 
in  Figure  4,  the  six-degree-of-freedom  digital  simulation  verified  a general  trend  of  angle  of  attack 
versus  sideslip  angle  at  the  departure.  The  a-S  departure  boundary  is  defined  by 

a*  - Cx  - C2  | 6 | | 8 | < Yf 

- Ci  - 30  c2  | e | - (i) 

where  Ci  « 20,  C2  “ 0.2.  The  effects  of  the  c.g.  location,  gross  weight,  and  turn  rates  (up  to  15  deg/sec 
and  3.5  "g"  level  turns)  were  determined  and  were  found  to  be  relatively  insignificant . 

An  attempt  was  made  in  the  program  to  correlate  the  wind  tunnel  data  with  the  flight  test  data  avail- 
able. Because  of  the  relatively  low  quality  of  the  flight  test  data,  no  further  attempt  was  made  to 
identify  the  stability  and  control  parameters  of  the  A-7D  aircraft  to  achieve  a better  representation  of 
the  aerodynamic  coefficients  for  computer  simulation.  However,  to  allow  for  possible  discrepancy  of  the 
wind  tunnel  data  and  the  full-scale  A-7D  aircraft  aerodynamic  characteristics,  the  coefficients,  Cj  and  C2, 
were  varied  in  the  digital  program  and  their  effects  were  evaluated  in  the  design  of  the  departure  preventer. 
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Thus,  the  theoretical  basis  used  in  establishing  the  loss-of-control  boundary  was  the  stability  of 
the  autonomous  system  at  some  isolated  equilibrium  states  in  the  near-departure  region.  Relying  on 
physical  considerations  and  digital  computer  simulation,  a simplified  departure  boundary  described  by 
only  two  major  state  variables,  angle  of  attack  and  sideslip  angle,  was  determined. 

The  design  objectives  of  the  departures  preventer  were  twofold.  The  preventer  must  be  able  to 
prevent  the  aircraft  from  departing  the  full  operational  flight  envelope  of  the  aircraft.  The  preventer 
must  be  automatic,  simple,  and  readily  adaptable  to  the  existing  A-7D  flight  control  system. 

To  meet  the  second  design  objective,  the  preventer  mufit  work  within  the  existing  automatic  flight 
control  system  (AFCS)  of  the  A-7D.  Schematic  diagrams  of  the  pitch  axis  and  yaw  axis  of  the  A-7D  auto- 
matic flight  control  system  are  shown  iu  Figures  5 and  i respectively.  The  departure  preventer  inputs  are 
also  shown  in  the  schematics. 

A schematic  for  the  lateral  axis  is  not  shown.  Early  in  the  design  of  the  departure  preventer,  con- 
sideration was  given  to  the  neutralization  of  the  lateral  control  upon  activation  of  the  departure  pre- 
venter. A scheme  utilizing  a proportional  plus  integral  nullification  of  pilot  jnd  AFCS  lateral  commands 
was  mechanized  on  tha  breadboard  of  the  departure  preventer.  However,  with  the  longitudinal  portion  of 
the  departure  preventer  which  tends  to  limit  the  excursion  of  angle  of  attack  beyond  the  departure 
boundary,  and  with  the  directional  portion  of  the  departure  preventer  which  nullifies  the  sideslip,  the 
lateral  control  portion  of  the  departure  preventer  became  unnecessary.  This  allowed  the  pilot  to  freely 
use  the  lateral  control  for  roll  maneuver  upon  activation  of  the  departure  preventer. 

To  reet  the  first  design  objective  cited  above,  and  in  view  of  the  previously  determined  departure 
boundary,  the  device  should  command  a longitudinal  control  action  necessary  to  regulate  the  aircraft  motion 
at  the  departure  boundary.  At  a given  angle  of  attack  in  the  stall/departure  region,  a nose-down  moment 
must  be  automatically  applied  to  reduce  the  angle  of  attack  whenever  the  angle  of  sideslip  exceeds  the 
boundary.  In  addition,  at  a given  sideslip  angle,  a nose-down  moment  must  be  automatically  applied  to 
reduce  the  angle  of  attack  whenever  the  angle  of  attack  exceeds  the  boundary.  The  sideslip  should  be 
reduced  or  eliminated  in  the  stall/departure  region  to  Increase  the  maximum  usable  angle  of  attack  to  its 
full  capability  for  the  aircraft.  To  achieve  this,  the  directional  stiffness  of  the  aircraft  should  be 
augmented  at  the  stall/departure  boundary,  and  furthermore  the  aircraft  should  be  restricted  to  roll 
about  its  flight  path. 

To  regulate  the  angle  of  attack  along  the  departure  boundary,  a simple  proportional  control  law  for 
the  longitudinal  control  may  be  used. 

6ed  “ Ki  (a-a*)  if  a-a*2  0 

- 0 if  a-a*<  0 (2) 

where  a*  is  the  relation  for  the  departure  boundary  previously  given.  With  proper  selection  of  Kj,  the 
steady  state  offset  resulting  from  the  proportional  control  will  permit  the  pilot  to  use  the  full  capability 
of  the  aircraft  well  beyond  the  previous  departure  angle  of  .ttack  towards  the  conventional  aerodynamic 
stall.  For  the  A-7D,  maximum  lift  coefficient  occurs  between  28  and  30  angle  of  attack,  depending  on 
the  unit  horizontal  tail  (UHT)  position.  Based  upon  the  above  control  law  and  the  departure  boundary  rela- 
tion, once  activated,  the  departure  preventer  will  command  a trailing-edge-down  UHT  whenever  a or  |b|  or 
both  increase,  thereby  achieving  the  desired  function.  Notice  that  as  defined,  the  control  law  for  the 
longitudinal  portion  of  the  departure  preventer  will  cause  no  transient  with  its  activation  or  deactivation. 

To  the  directional  control,  the  main  departure  prevention  function  is  to  keep  sideslip  angle  small. 

This  is  accomplished  by  use  of  a proportional  plus  integral  feedback  of  sideslip  angle  to  the  rudder  in 
addition  to  the  feedback  of  stability-axis  yaw  rate,  r8,  to  the  rudder. 

«rd  - K48  + K5  / 8 dt  + K$ra  if  a-o*i  0 

- 0 if  a-a*<  0 (3) 

The  use  of  the  stability  axis  yaw  rate  feedback  to  the  rudder  is  to  restrict  the  airplane  to  roll  about 
its  flight  path.  It  also  tends  to  minimize  the  effect  of  inertia  coupling  from  the  longitudinal  to  lateral- 
directional  motions  which  is  a very  desirable  feature.  The  use  of  the  proportional  plus  Integral  feedback 
of  sideslip  angle  to  the  rudder  was  aimed  at  keeping  sideslip  angle  near  zero  in  the  near-departure  region, 
since  there  are  no  known  maneuvers  that  call  for  intentional  sideslip  in  the  post-stall  region.  As  a 
matter  of  fact,  since  rolling  is  not  restricted.  Integral  of  sideslip  angle  feedback  is  required  when  the 
bank  angle  is  large  (*90  ).  With  large  bank  angle,  the  gravitational  force  can  develop  substantial  side 

force  and  thereby  generate  a large  sideslip.  Through  use  of  integral  of  sideslip  angle  feedback,  the  angle 
of  sideslip  can  be  reduced. 

Some  modifications  of  the  above  set  of  simple  control  laws  were  required  to  achieve  bette.’  departure 
prevention.  First,  the  switching  boundary  that  activates  the  departure  preventer  was  modified  to  include 
an  anticipation  term,  C3S,  to  account  for  rapid  changes  in  angle  of  attack  during  maneuvers.  The  modified 
switching  boundary  became 

a*  - Ci  - C2  |B | - C3a  (4) 

In  the  presence  of  turbulence,  the  anticipation  term  could  become  exceosively  large,  thereby  causing 
"premature"  activation  and  deactivation  of  the  departure  preventer.  Neglecting  the  effect  of  speed  changes, 
which  are  alow  by  comparison,  the  rate  of  change  of  angle  of  attack  may  be  approximated  ny 


S 


o(S) 


(5) 
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Subsequent  digital  simulation  showed  thet  substitution  of  the  lead  tern  (S/S+.25)q(S)  for  a direct  a tern 
proved  to  be  adequate  and  desirable.  The  switching  boundary  becane  In  final  fora 

a*  - CX  - C2  |6 | - C3  (S/S+.25)q  (6) 

Hie  longitudinal  control  law  remained 

5t(j  “ Ki  (a-a*)  • a-a*k  0 

■ 0 , a-a*  < 0 (7) 

where  a*  as  defined  above  gives  the  elevator  control  in  final  form 

4e<t  “ Ki  fa-Ci-C2|s|  + C3  (S/S+.25)ql  . a-a*>  0 

■ 0 , a-a*<  0 (8) 

The  nodlfications  and  re fine sent  of  the  directional  control  law  were  pursued  in  the  following  two 
areas;  the  yaw  rate  feedback  and  the  proportional  gain  of  the  slaesllp  angle  feedback.  To  provide  better 
steady-state  performance  in  a coordinated  turn,  the  pure  proportional  gain  for  the  stability-axis  yaw 
rate  feedback  loop  was  replaced  by  a high-pass  circuit  with  a washout  time  constant  of  approximately  one 
second.  This  time  constant  and  gain  were  determined  from  a root  locus  analysis  using  the  linearized 
lateral-directional  equations  of  motion.  The  directional  control  law  for  the  departure  preventer  finally 
took  the  following  form: 

k5  K7  S 

«rd  - (K4  + — ) S + (r  - ap),  a-a*k  0 
S 

■ 0 , a-a*<  0 (9) 

It  should  be  noted  that  the  Integrator  In  the  above  expression  does  not  start  to  Integrate  until  a-a* 
exceeds  zero.  If  a-a*  becomes  less  than  zero,  the  integrator  resets  the  zero  output,  thus  assuring  that 
the  integrator  has  a zero  initial  condition  when  the  departure  preventer  Is  activated.  The  form  of  the 
prspottional  gain  of  the  sideslip  angle  feedback  to  the  rudder,  K4,  is  modified  to  be  a function  of  a-a* 
rather  than  just  a constant  such  as  Kj  and  K7.  Two  factors  were  considered  In  this  modification:  (1)  to 

prevent  the  undesirable  transients  in  the  lateral-directional  motion  of  the  aircraft  associated  with  the 
activation  and  the  deactivation  of  the  departure  presenter  because  of  nonzero  sideslip  angle  and  (2)  to 
compensate  for  C„g,  which  Is  a function  of  both  a and  |fi|. 

The  initial  determination  of  departure  prevencer  gains  was  based  largely  on  physical  considerations. 

For  example,  K 4 was  chosen  so  that  when  a-a*  « 2 - A*  , the  value  of  the  augmented  directional  statli 
stability,  Cpg(a)  + K4  Cn5r(a),  would  achieve  the  level  of  C„g  at  low  angles  of  attack,  say  at  a - 0 to  10*  . 

The  stability-axis  yaw  rate  feedback  gain  K7  was  initially  determined  such  that  at  Dutch  roll  frequency 
and  above,  the  augmented  effective  cross  coupled  damping  Np  and  Lr  would  be  predominantly  aerodynamic  and 
the  effect  of  Inertial  coupling  due  to  the  pitch  rate  would  be  minimized.  These  gains  and  others  were 
finally  determined  using  six-degree-of-f reedom  nonlinear  digital  simulation.  The  nominal  values  along 
with  the  switching  boundary  are  listed  in  Table  1. 

The  Calspan  ground-based  simulation  that  was  used  in  the  Reference  6 study  is  a fixed-base  simulator 
with  an  outside  view  display  and  a full  instrument  panel  display.  The  aileron  and  elevator  control  is  a 
standard  stick  with  a two-degree-of- freedom  electrohydraullc  feel  system.  The  rudder  pedals  are  loaded 
with  a mechanical  spring.  The  elevator- aileron  system  is  able  to  simulate  breakout  forces  and  hysteresis 
characteristics  and  control  system  dynamics.  Summing  points  are  provided  to  permit  signals  for  simulation 
of  bobweights,  etc. 

A full  Instrument  panel  Is  provided  with  aircraft  and  engine  instruments.  Full  maneuvering  capability 
Is  simulated  In  that  the  equations  are  scaled  for  outside  view  display,  a "line  drawing  view"  is  computer- 
generated and  presented  on  a large  CRT  with  intensity  modulation.  A high-resolution  TV  camera  views  the 
oscilloscope  presentation  and  transmits  it  to  a 1,000  line,  high-intensity  TV  projection  tube  which  projects 
the  image  on  the  rear  of  a translucent  screen.  The  screen  is  In  front  of  the  simulator.  The  field  If 
view  Is  ±30°  horizontal,  37*  vertically  up  and  7*  vertically  down. 

For  the  computations,  a hybrid  computer  facility  is  used.  The  aerodynamic  data  and  equations  of 
motion  arc  solved  by  the  digital  computer.  The  coutroi  system  dynamics  and  associated  nonlinear  functions 
are  solved  on  analog  computers  which  also  drive  the  instruments. 

A flyable  target  airplane  image  was  generated  for  the  heads-up  pursuit  tracking.  The  target  airplane 
aerodynamics  are  simplified  and  only  a stick  is  needed  to  manually  fly  the  target  airplane.  The  target 
airplane  Image  represented  a delta  wing  airplane,  presented  to  the  pursuing  pilot  always  in  a proper 
perspective. 

A rigorous  pre-evaluation  of  the  departure  preventer  was  performed  prior  to  any  formal  evaluations. 
These  pre-evaluations  examined  the  characteristics  of  the  device  and  determined  the  most  efficacious  gain 
settings  to  prevent  departures  while  not  reducing  the  pilot's  capabllties  with  the  simulated  A-7  airplane. 
Initially,  many  maneuvers  were  flown,  purposely  entering  the  departure  region  and  also  using  pro-apin  con- 
trol Inputs.  During  this  phase  many  gain  levels  were  explored  until  departure-free  maneuvering  was 
attained. 

As  a result  of  the  pre-evaluation  tests,  the  following  characteristics  were  chosen  for  the  formal 
evaluation: 
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a.  Switching  Boundary: 

a*  - Cl  - C2  |e|  - C3  (S/(S+.25)q  (10) 

where  C2  " Switching  boundaries  at  18*  and  20*  and  22°  angle  of  attack  for  zero  sideslip 
C2  " A switching  slope  of  0.2  deg/deg 
C3  ■ 0.1  deg/deg/deg 

b.  Departure  Preventer: 

6ed  - 1.0  (a-o*)  (11) 

*ad  * 0 (12) 

«rd  * «C4  - ^)6  + (r  - ap)  (13) 


where 


K*  - - .14  («-a*)  (14) 

The  rating  scale  and  comment  card  for  the  formal  evaluations  were  as  follows: 

Rating  Scale: 

a.  Much  improved  over  A-7,  can  uae  full  capability  of  airplane  with  confidence. 

b.  Better  than  A-7t  but  with  some  shortcomings. 

c.  No  improvement  over  A-7. 

d.  Horse  than  A-7. 

Comment  Card: 

a.  Does  departure  preventer  operate  smoothly  and  satisfactorily? 

b.  Do  you  have  confidence  in  the  total  system? 

The  planned  evaluation  matrlcles  were  as  follows: 


SWITCHING  BOUNDARY  1 : C ■ 18  ] 



DEPARTURE  PREVENTER 
WITH  ELEVATOR  AFCS 
AUTHORITY  OF  4.8° 

DEPARTURE  PREVENTER 
WITH  ELEVATOR  AFCS 
AUTHORITY  OF  9.6* 

DEPARTURE 
WITH  JiLEV 
AUTHORITY 

PREVENTER 
ATOR  AFCS 
OF  14.4* 

PILOT 

EVAL 

ON 

OFF 

ON 

OFF 

ON 

OFF 

1 

1 

2 

3 

In  the  matrix,  the  starred  runs  were  all  nominal  airplane  with  an  elevator  AFCS  authority  of  4.8 
degrees. 

An  identical  matrix  was  made  for  Switching  Boundary  2,  - 2d  degrees,  and  it  was  planned  that  each 

pilot  would  experience  the  same  matrix  of  runB. 

For  the  evaluation  runt,  a pursuit  tracking  task  was  performed.  The  target  airplane  was  initially 
two  miler  directly  ahead  of  the  pursuing  airplane  and  both  airplanes  were  at  the  same  altitude  and  identical 
airspeed  in  trimmed  flight.  The  pursuing  pilot  would  fly  the  simulated  A-7  to  a relatively  close  position 
(100  to  300  ft)  behind  the  target  alrplsne  at  which  time  the  target  airplane  was  maneuvered  in  climbing 
turns  which  the  pursuit  pilot  followed.  This  resulted  in  a scissors  maneuver  between  the  two  airplanes 
and  gradual  loss  of  airspeed  that  took  the  pursuing  aircraft  into  the  departure  region. 

The  results  of  the  formal  evaluation  stabilised  very  rapidly  as  is  indicated  by  the  relative  ratings 
which  are  presented  in  Table  II. 

There  are  several  points  that  can  be  gleaned  from  the  pilot's  comments. 

From  the  ratings  it  appears  that  the  pilots  were  Insensitive  to  the  difference  in  switching  boundary. 
They  were  able  to  discern  'he  difference  In  switching  boundary,  but  except  for  one  case,  the  difference 
had  an  insignificant  affect  on  the  rating. 

As  formal  evaluations  proceeded,  the  test  conductors  quickly  became  aware  that  the  pilots'  comments 
and  ratings  were  consistent  and  very  stable.  Because  of  the  attained  stability  of  comments  and  ratings, 
an  opportunity  to  deviate  from  the  planned  matrix  was  taken  in  order  to  expand  the  formal  evaluations. 
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The  '-7  ha*  an  AFCS  cut-out  In  the  lateral  mode  for  angles  of  attack  above  eighteen  degrees.  One 
of  the  pll.ts  did  ten  e/aluations  where  the  automatic  cut-out  festure  was  Inactivated.  Mo  changes  In 
the  pilot  comments  or  pilot  ratings  were  observed. 


The  analytical  and  experimental  studies  of  Reference  6 led  to  the  following  conclusions: 

a.  The  simplified  departure  boundary,  which  Is  characterised  by  only  the  two  major  parameters, 
the  angle  of  attack,  and  the  angle  of  sideslip,  has  been  shr*'  tr,  be  desirable  and  adequate  for  use  in 
the  design  of  the  departure  preventer  for  the  A-7D  aircraft. 


b.  A switching  boundary  based  upon  the  a — | B | departure  boundary  and  the  time  rate  of  change 
of  a (or  its  substitute  using  pitch  rate  passing  through  a high  pass  filter)  for  activation  and  deactiva- 
tion has  provided  a natural  means  to  design  a departure  preventer.  The  nonlinear  longitudinal  control 
law  Is  a function  of  the  magnitude  of  the  sideslip  as  well  as  of  the  lateral-directional  state  variables, 
and  the  nonlinear  directional  control  law  Is  a function  of  the  angle  of  attack  as  well  as  the  lateral- 
directional  state  variables.  Furthermore,  the  concept  permits  these  devices  to  be  deactivated  outside 
the  dangerous  stall  departure  region. 


§ 


c.  The  evaluation  pilots  consider  the  departure  preventer,  which  when  activated  autoswtlcally 
i commands  the  longitudinal  control  (UHT)  and  the  directional  control  (rudder),  has  been  shown  to  be  very 
f desirable.  It  works  smoothly,  and  it  permits  the  pilot  to  use  an  expanded  maneuvering  capability  of  the 
6 aircraft  with  confidence. 


t. 
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RECOMMENDED  APPROACH  TO  LOSS-OF-CONTROL  PROBLEMS  AND  LIMITING 

The  potential  for  loss  of  control  at  high  angles  of  attack  should  be  addressed  by  the  aircraft 
designer  from  the  very  beginning  of  conceptual  design.  Steps  should  be  taken  to  Insure  that  the  data 
necessary  to  determine  hlgh-angle-of-attack  flight  dynamics  Is  available  as  esrly  as  possible  so  that 
if  a serious  problem  or  design  deficiency  is  uncovered,  the  designer  has  a chance  to  solve  the  problem 
during  the  design  phase  before  a costly  retrofit  program  and/or  acceptance  of  operational  limitations 
are  required. 

In  general,  greater  attention  should  be  paid  to  aerodynamic  design  practices  tsilored  for  good  high- 
angle-of-attack  characteristics.  The  fundamental  concept  is  to  get  the  best  high-angle-of-attack  charac- 
teristics through  fundamental  aerodynamic  design  practices  that  can  be  afforded  when  weighed  against 
performance,  cost,  and  complexity.  Improvements  in  this  area  are  likely  to  directly  benefit  maneuverability 
and  flight  safety. 

Having  arrived  at  a basic  aerodynamic  design,  flight  control  design  practices  can  be  used  to  further 
enhance  high-angle-of-attack  flying  qualities.  Attention  has  to  be  paid  to  the  nonlinear  and  highly- 
coupled  phenomena  normally  encountered  at  high  angles  of  attack  when  formulating  the  augmentation  system 
control  laws  and  sufficient  aerodynamic  control  power  must  be  provided  for  the  control  system  to  effectively 
do  its  job.  If  a departure  or  loss-of-control  boundary  exists  for  the  bare  airframe,  proper  control 
system  design  may  eliminate  the  loss-of-control  problem  without  limiting. 

At  this  point,  the  augmented  aircraft  hlgh-angle-of-attack  characteristics  can  be  established.  If 
a serious  loss-of-control  problem  is  still  expected,  at  this  time  a limiting  system  should  be  incorporated 
into  the  design.  The  limiter  should  be  Incorporated  only  if  necessary. 

The  general  trend  for  limiting  syst.ems  has  been  to  add  them  on  an  ad  hoc  basis  once  a problem  has 
been  identified  through  flight  test  or  operational  experience.  Not  until  recently,  with  the  advent  of 
CCV  aircraft  which  are  statically  unstable  over  a relatively  wide  range  of  flight  conditions,  has  the 
incorporation  of  a limiting  system  during  the  aircraft  design  phase  been  seen.  However,  if  the  insta- 
bilities for  a particular  CCV  design  are  strong  enough  at  high  angles  of  attack  and  the  associated  aero- 
dynamic control  power  available  at  these  angles  of  attack  is  not  sufficient  to  return  the  aircraft  to 
lower  angles  of  attack,  the  limiting  system  must  not  allow  transients  to  these  angles  of  attack  or  the 
aircraft  may  be  locked  into  an  uncontrollable  trim  condition  much  as  the  deep  stall  condition.  However, 
consider  the  tail-slide  maneuver.  If  the  pilot  wants  the  aircraft  to  go  dead  in  the  air  during  a vertical 
maneuver,  he  can  do  it  against  any  current  limiting  system  concept.  In  this  situation  the  aircraft  will 
slide  back  and  encounter  angles  of  attack  near  180*  and  may  never  return  to  low  angles  of  attack  due  to 
control  power  deficiencies  versus  aerodynamic  Instabilities  at  high  angles  of  attack.  Future  CCV  design 
trends  towards  strongly  statically  unstable  aircraft  may  require  the  incorporation  of  a Vmin  limiting 
system  to  insure  that  the  aircraft  will  not  go  dead  in  the  air  and  to  insure  that  sufficient  dynamic 
pressure  is  available  to  allow  the  limiting  flight  control  system  to  do  its  job.  A VBin  limiting  system 
could  be  designed  through  use  of  engine  thrust  and  pitch  attitude  as  the  control  variables. 
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C . (PER  DEGREE),  STABILITY  AXIS 


TABLE  I 


SWITCHING  BOUNDARY  COEFFICIENTS 
AND  DEPARTURE  PREVENTER  GAINS 


PARAMETERS 

NOMINAL  GAINS 

C1 

18  - 20  (deg) 

SWITCHING 

BOUNDARY 

C2 

.13  - .20  (deg/deg) 

C3 

.10  - .30  (deg/deg/sec) 

KI 

1.0  - 3.0  (deg/deg) 

DEPARTURE 

K4 

-.14(rf-if)  (deg/deg) 

PREVENTER 

K5 

-.5  (1/sec) 

K7 

1.5  (deg/sec/sec) 

TABLE  TT 

RELATIVE  RATINGS  (*  IS  NORMAL  AIRPLANE) 


SBX 

DPa 

*b 

Wc 

PILOT 

RUN 

ON 

OFF 

ON 

OFF 

ON 

OFF 

1 

A+ 

C* 

A+ 

C* 

A+ 

C* 

1 

2 

A+ 

C* 

A+ 

C* 

A 

B* 

2 

1 

A 

C* 

A 

C* 

A 

C* 

1 "»  J 

1 

A+ 

C* 

A+ 

C* 

A+ 

C* 

1 

2 

A 

C* 

B 

C* 

A+ 

C* 

2 

1 

A 

C* 

A 

C* 

A 

C* 

SUMMAR1 

ZED  COMMENTS  FROM  B 

OTH  PILOTS 

J 

Primary 

reason 

for 

rating 

Great, 
smooth,  can 
use  full 
capability 
of  airplane 
with  confi- 
dence 

Seems  no 

different 

than 

normal  A- 7 

Great, 
smooth,  can 
use  full 
capability 
of  airplane 
with  confi- 
dence 

Seems  no 

different 

than 

normal  A- 7 

Great, 
smooth,  can 
use  full 
capability 
»f  airplane 
vith  confi- 
dence 

Seems  no 

different 

than 

normal  A- 7 
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SUMMARY 

This  paper  reviews  the  problem  of  aerodynamic  side  forces  on  forebodies  produced  by  two  types  of 
flow:  asymmetric  vortices  on  bodies  of  revolution  and  nonuniform  flow  separation  on  square  bodies  with 
rounded  corners  under  spinning  conditions.  Steady  side  forces  that  can  be  as  large  as  the  normal  force 
are  produced  by  asymmetric  vortices  on  pointed  forebodies.  This  side  force  has  a larqe  variation  with 
Reynolds  number,  decreases  rapidly  with  Mach  number,  and  can  be  nearly  eliminated  with  small  nose  blunt- 
ness or  strakes.-  The  angle  of  attack  where  the  side  force  first  occurs  depends  primarily  on  body  geometry. 
The  theoretical  techniques  to  predict  these  side  forces  are  necessarily  semi-empirical  because  the  basic 
phenomenon  is  not  well  understood.  The  side  forces  produced  by  nonuniform  flow  separation  under  spinning 
conditions  depend  extensively  on  spin  rate,  angle  of  attack,  and  Reynolds  number.  The  application  of 
simple  crossflow  theory  to  predict  this  side  force  is  inadequate  much  below  angles  of  attack  of  90°. 

1.  INTRODUCTION 

The  flow  field  about  an  aircraft  at  high  angles  of  attack  is  very  complex.  Typical  of  this  flow  are 
extensive,  nc..uniform  areas  of  separated  flow,  wing  vortices  that  may  have  burst  and  forebody  vortices 
that  may  be  asymmetric.  All  of  these  features  can  lead  to  highly  nonlinear  aerodynamic  characteristics, 
and  some  are  potentially  disastrous  for  maneuvering  aircraft. 

Traditionally,  studies  of  aircraft  stall/spin  problems  have  focused  on  the  wing  and  tail  flow  fields. 
Early  investigations  (in  the  1950's)  of  the  effect  of  forebody  shape  ahead  of  the  wing  (ref.  1)  concen- 
trated on  two-dimensional  testing  of  the  cross-sectional  shape.  It  was  found  that  forebody  shape  could 
have  considerable  influence  on  the  spin  and  spin-recovery  characteristics  and  that  the  Reynolds  number 
could  have  considerable  influence  on  whether  the  nose  provides  damping  or  autorotational  moments.  One  of 
the  first  studies  of  the  auiorotational  effect  of  the  forebody  under  spinning  conditions  using  a rotary 
model  (Clarkson,  ref.  2)  revealed  that  the  fuselage  nose,  rather  than  the  wing,  can  be  the  major  source  of 
autorotative  moment.  For  about  10  years,  until  the  late  1 960 ’ s , the  fundamental  aerodynamics  of  the 
stall/spin  problem  remained  unexplored,  although  great  progress  was  made  in  reducing  the  number  of 
accidents  by  spin-testing  aircraft  models.  In  the  meantime,  the  problem  was  magnified  with  the  advent  of 
high-performance  aircraft  designed  to  operate  at  high  angles  of  attack,  conditions  that  were  encountered 
only  inadvertently  by  previous  aircraft.  Continual  loss  of  high-performance  aircraft  due  to  control 
problems  resulted  in  an  extensive  wind-tunnel  study  of  these  aircraft.  Genera’ly,  such  studies  found  that 
strong  side  forces  and  yawing  moments  occurred  at  zero  sideslip  when  the  angle  of  attack  was  large,  as 
illustrated  in  figure  1 (results  from  Chambers  et  al_.,  ref.  3).  This  side  force  was  shown  to  be  a result 
of  an  asymmetric  vortex  system,  which  was  first  discovered  in  flow  studies  on  long  bodies  by  Allen  and 
Perkins  (rer.  4)  and  first  measured  by  Letko  (ref.  5).  In  th?  last  few  years,  this  phenomenon  has 
received  considerable  study  (refs.  6-14).  The  resulting  side  force  and  yawing  moment  can  be  large  and 
could  contribute  to  loss  of  control  of  high-performance  aircraft. 

This  paper  examines  asymmetric  forces  associated  with  aircraft  forebodies.  Primary  emphasis  will  be 
put  on  the  forces  and  moments  produced  by  asymmetric  vort;ces  on  circular  or  near  circular  shapes.  A 
brief  discussion  of  the  side  forces  produced  by  nonuniform  separation  on  spinning  forebodies  having  square 
cross  sections  with  rounded  corners  will  also  be  given.  Further  details  of  the  data  presented  can  be 
obtained  from  references  12  to  14. 

2.  ASYMMETRIC  VORTEX  FLOW 

The  basic  phenomena  considered  here  can  best  be  described  by  referring  to  figure  2.  At  low  angles  of 
attack,  the  vortex  flow  around  a pointed  body  of  revolution  is  symmetrical  (fig.  2(a)).  The  aerodynamic 
forces  and  moments  on  the  body  are  readily  calculated  by  semi-empirical  methods  such  as  given  in  Nielsen's 
book  on  missile  aerodynamics  (ref.  15).  When  the  body  is  pitched  to  higher  angles  of  attack,  thi: 
symmetric  vortex  system  is  unstable  and  the  vortex  sheet  tears,  leading  to  a series  of  alternating  free 
vortices  (like  a Karman  vortex  street  but  stationary),  with  those  near  the  body  still  connected  by  a 
feeding  sheet  (fig.  2(b)).  The  number  of  alternate  vortices  depends  on  the  angle  of  attack  and  length  of 
the  body.  In  the  crcsfiow  plane,  the  flow  resembles  the  flow  about  an  Impulsively  started  cylinder. 

(See  reference  7 for  :<-ta i 1 s of  this  flow  on  long  bodies.)  Fo-  aircraft  where  only  the  forrhody  exists 
(wings  prevent  afterbody  vortices),  there  are  only  three  to  five  of  these  vortices.. 

An  extensive  study  of  fo.ebody  aerodynamics  is  underway  at  Ames  Research  Center.  This  study  has  two 
basic  objectives:  first,  to  better  define  the  flow  phenomena  to  allow  better  theoretical  modeling  and, 
second,  to  provide  design  guidelines  to  determine  under  whai  conditions  the  phenomena  occur  and  how  it 
can  be  eliminated  or  reduced  in  strength.  Figure  3 shows  the  forebody  configurations  that  have  been 
Studied  (refs.  12,13).  Base  diameters  were  15.24  cm  for  models  1,  2,  and  3;  18.82  cm  for  model  4;  and 
13.21  • 18.87  cm  for  model  5.  Wind-tunnel  tests  have  been  conducted  over  a wide  range  of  Reynolds 
numbers,  Mach  numbers,  and  angles  of  attack. 

A typical  example  of  the  side  force  vs.  angle  of  attack  for  the  ;/d  = 3.5  tangent  ogive  is  shown  in 
figure  4.  For  comparison,  the  result  from  Coe  et  aj.  (ref.  9)  on  a geometrically  identical  body  tested  at 
Langley  Research  Center  is  shown.  Although  the  direction  (sign)  of  the  side  force  is  different  (there  is 
no  reason  that  they  should  be  the  same),  the  basic  shape  and  magnitude  are  similar.  Also  shown  is  the 
normal-force  curve.  Note  that  the  side  force  is  larger  than  the  normal  force  at  some  angles  of  attack. 


Three  main  features  of  this  side-force  variation  with  angle  of  attack  will  now  be  considered  in  more 
detail:  (1)  the  angle  of  attack  at  which  the  side  force  first  occurs,  to  be  called  angle  of  onset;  (2)  the 
maximum  value  of  the  side  force;  and  (3)  the  upper  limit  of  angle  of  attack  where  the  side  force  returns 
to  zero,  to  be  called  the  upper  limit.  In  addition,  consideration  will  be  given  to  methoos  of  alleviating 
the  side  force,  the  stability  of  the  asymmetric  vortex  system,  and  finally  methods  of  predicting  the  side 
forces. 

2.1  Angle  of  Onset 

The  geometry  was  foura  to  be  the  primary  variable  that  affected  the  angle  of  onset.  Figure  5 shows 
side  forces  vs.  angle  of  attack  for  the  four  bodies  of  revolution  and  the  elliptical  body.  Note  that  the 
angle  of  onset  varies  from  20°  to  35°  depending  on  body  geometry,  with  high  fineness-ratio  bodies  having 
lower  angles  of  onset  (compare  the  1/ d * 3.5  and  5.0  tangent  ogives).  No  other  variable  (Reynolds  number, 
Mach  number,  etc.)  had  a significant  impact  on  the  angle  of  onset. 

It  was  found  that  the  angle  of  onset  could  be  correlated  with  the  forebody  half  angle  (fig.  6).  Data 
from  several  sources  are  included.  Although  there  is  some  scatter,  the  data  for  pointed  circular  fore- 
bodies (fig.  6(a))  falls  along  the  line  given  by  j onset  = 2 4N.  Note  in  figure  6f b)  that  the  angle  of 
on-„3t  for  the  elliptic  tangent  ogive  tested  in  both  positions  of  major  axis  horizontal  and  vertical  is 
significantly  lower  than  that  of  the  corresponding  circular  tangent  ogive  with  the  same  planform 
length/span  ratio.  For  forebodies  with  afterbodies,  onset  occurs  at  lower  angles  of  attack  depending  on 
body  length  (fig.  6(c)).  Data  points  for  three  aircraft  configurations  are  also  show.i.  For  the  air'raft, 
onset  generally  occurs  at  angles  of  attack  similar  to  forebodies  alone  or  higher,  indicating  that  the 
wings  may  suppress  the  formation  of  asymmetric  vortices. 

2.2  Maximum  Side  Fo’-ce 

As  noted  earlier,  the  maximum  side  force  can  be  as  large  as  the  normal  force  for  the  forebody  alone. 
The  side  force,  once  it  starts  to  build  up,  can  switch  directions  (see  the  cone  data  in  figure  5).  This 

can  be  a result  of  either  an  instability  of  the  vortex  system  (there  is  no  reason  that  it  should  be  left 

or  right)  or  the  vortex  feeding  sheet  may  be  tearing,  forming  a new  free  vortex  and  starting  a new  bound 
vortex.  (This  point  on  vortex  stability  is  discussed  later.)  Besides  being  generally  dependent  on 
geometry,  as  shown  in  figure  5,  the  maximum  side  force  is  also  strongly  dependent  on  Reynolds  number  and 

Mach  number.  The  effect  of  Reynolds  number  on  Cy  is  shown  in  figure  7.  Not  only  the  maximum  value  of  Cy 

changes  with  Reynolds  number  but  the  shape  of  the  curve  changes  as  well.  As  noted  before,  the  one  point 
that  does  not  change  significantly  is  the  angle  of  onset.  At  this  time,  the  behavior  of  Cy  with  Reynolds 
number  is  not  understood. 

The  influence  of  Mach  number  is  such  that  the  maximum  side  force  decreases  with  increasing  Mach 
number,  as  illustrated  in  figure  8 where  it  is  also  seen  that  the  maximum  Mach  number  at  which  a side 
force  occurs  is  higher  for  the  more  slender  forebodies. 

2 . 3 Upper  Limit 

As  shown  in  figures  A,  5,  and  7,  the  side  force  has  decreased  to  zero  near  an  angle  of  attack  of 
about  70°,  with  small  variation,  depending  on  flow  conditions  and  geometry.  Above  this  angle  of  attack, 
the  flow  characteristics  have  most  likely  changed  to  those  of  a wake-type  flow. 

2 . 4 Alleviation  of  Side  Force 

The  potentially  disastrous  effects  that  the  large  side  force  and  yawing  moment  could  have  on  aircraft 
control  has  led  to  an  extensive  study  of  methods  to  alleviate  the  side  force.  Two  different  methods  have 
generally  been  used:  blunt  the  tip  of  the  torebody  and  attach  small  strakes  near  the  tip.  Both  techniques 
seem  to  be  effective.  For  example  (fig.  9),  three  different  degrees  of  bluntness  were  tried  on  the 
■/d  - 3.5  tangent  ogive.  The  intermediate  bluntness  (rw  / rj  = 0.084)  gave  the  best  results,  practically 
eliminating  tne  side  force.  Too  much  bluntness  might  result  in  a sizeable  side  force  (ref.  6).  These 
results  were  not  significantly  altered  by  the  other  flow  variables  or  by  geometry.  Similar  results  were 
obtained  with  small  strakes.  The  drastic  change  from  asymmetric  to  symmetric  flow  in  the  flow  pattern 
with  additional  bluntness  or  strakes  is  illustrated  by  the  oil  flow  pictures  in  figure  10.  Since  many 
aircraft  use  nose  booms  for  air  data  sensors,  a simulated  nose  boom  was  tested  and  also  found  to  greatly 
reduce  the  side  force. 

2 . 5 Stability  of  Asymmetric  _Vgrtj ces 

We  have  thus  for  assumed  that  the  asymmetric  vortices  are  stable  and  have  deferred  questions  con- 
cerning the  direction  of  the  asymmetric  force,  left  or  right.  Various  tests  were  performed  to  determine 
the  stability  of  the  asymmetric  vortex  pattern,  particularly  to  assess  the  sensitivity  of  its  orientation 
to  the  body.  These  tests  are  described  briefly. 

Two  means  of  mounting  the  model  in  the  tunnel  were  used  to  assure  that  results  were  independent  of 
mounting.  Most  of  the  low-speed  data  were  obtained  with  the  model  mounted  from  the  floor,  the  standard 
high-angle-of-attack  test  procedure  used  in  the  12-Foot  Pressure  Tunnel  at  Ames  Research  Center.  One  set 
of  tests  was  conducted  with  the  model  mounted  on  a bent  sting  from  the  Made  strut.  The  results  at  low 
speed  were  basically  the  same. 

To  check  the  effects  of  the  flow  around  the  base  of  the  forebodies,  particularly  at  high  angle  of 
attack,  an  afterbody  3.5  diameters  long  was  attached  to  ihe  sting  but  not  to  the  forebody.  Again  the  data 
were  basically  the  same  as  for  the  forebody  alone.  These  facts,  along  with  the  good  agreement,  with  the 
Langley  data  (fig  3),  indicate  that  reliable  data  could  be  obtained  on  this  rather  unusual  phenomenon.. 

Next  a series  of  tests  was  performed  to  determine  the  origin  of  the  asynwetric  vortices.  First, 
the  model  was  tested  with  th«  entire  body  ir.  various  roll  positions.  Then  it  was  tested  with  only  the 
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removable  nose  tip  (the  forward  19*)  of  the  body  rolled.  The  latter  results  are  shown  in  figure  11.  The 
results  are  basically  the  same  as  for  rolling  the  complete  model,  indicating  the  importance  of  the  nose 
region.  Previous  studies  have  shown  and  these  data  also  show  that  small  imperfections  at  the  tip  are 
responsible  for  establishing  the  direction  of  the  asymmetry. 

Next,  to  determine  if  the  unsymmetric  vortex  system  were  stable,  several  different  tests  were  con- 
ducted. First,  the  model  was  sideslipped  when  there  was  a strong  side  force.  An  example  of  these  data  is 
shown  in  figure  12.  Here  we  see  that  it  takes  a sioeslip  angle  greater  than  5°  to  change  the  side  force 
to  the  opposite  direction.  The  results  are  very  repeatable  with  no  hysteresis.  Second,  a canopy  was 
added  to  the  >7 d = 3.5  tangent  ogive  to  see  if  its  presence  would  upset  the  asymmetry.  The  results  were 
identical  to  the  case  without  a canopy. 

Finally,  two  sets  of  tests  were  run  recently  with  a model  spinning.  First  the  model  was  spur,  about 
the  velocity  vector  at  a = 45°  (simulating  a coning  motion  or  a steep  spin).  The  results  of  this  test 
are  shown  in  figure  13  with  a small  insert  sketch  showing  the  model.  The  side  force  was  measured 
separately  on  the  tangent  ogive  (t/d  = 3.5)  forebody  portion  of  the  model  and  on  the  cylindrical  after- 
body. The  data  are  plotted  vs.  the  dimensionless  spin  parameter  (;  = -.i /V ) , where  ..  is  the  spin  rate, 

■ is  the  reference  length,  and  V is  the  freestream  velocity.  At  zero  spin,  we  have  the  static  side  force 
similar  to  that  observed  in  the  earlier  test  results  just  presented.  Note  that  the  side  force  is  not 
altered  by  the  spin  motion,  indicating  a very  strong  tendency  to  retain  its  asymmetric,  configuration. 

The  second  spin  test  about  the  body  axis  was  done  on  a 10°  half-angle  cone.  Here  the  side  force 
behaved  much  as  it  did  when  the  model  was  tested  at  various  roll  positions.  As  the  roll  velocity  was 
increased,  the  waveform  of  the  side  force  as  a function  of  roll  angle  was  basically  the  same  with  only 
small  irregularities  being  eliminated  with  higher  speed  and  the  overall  amplitude  of  the  side  force  became 
smaller.  Reversing  the  direction  of  roll  produced  essentially  the  same  result,  but  in  reverse  sequence. 

The  lack  of  an  effect  of  rotation  was  also  noted  by  Clark  e_t  aj . (ref.  6). 

In  summary,  the  symmetric  vortices,  once  formed,  represent  a very  stable  flow  configuration. 

2 . 6 Theoretical _ Predictions 

Theoretical  predictions  of  the  phenomena  of  asynmetric  vortex  formations  and  the  resulting  asymmetric 
forces  are  at  an  early  stage  of  development.  The  earliest  attempt  was  that  of  Thomson  and  Morrison 
(ref.  7),  who  performed  a creditable  series  of  experiments  which  they  analyzed  by  means  of  the  so-called 
impulsive  crossflow  analogy,  which  has  subsequently  been  widely  referenced. 

Briefly,  they  correlated  their  observed  vortex  spacings  and  vortex  strengths  on  long  bodies  to  data 
from  a two-dimensional  cylinder.  The  result  was  a prediction  of  the  vortex  crossflow  drag  force; 
asymmetric  forces  were  not  considered.  Several  attempts  (refs.  16-21)  have  since  been  made  o predict 
asymmetric  forces  using  the  impulsive  crossflow  analogy  as  formulated  by  Thomson  and  Morrison.  The 
approach  of  Wardlaw  (ref.  17)  was  to  use  the  basic  vortex  tracking  ideas  of  Bryson  (ref.  22)  which  in- 
volves a solution  in  the  crossflow  p’ane,  but  modified  to  remove  the  symmetry  constraint  in  a manner 
similar  to  that  used  by  Kuhn  et  a_l . (ref.  23)  to  calculate  the  vortex  positions  on  a body  spun  about  the 
velocity  vector.  A more  recent  (Taper  by  Wardlaw  included  some  refinements  by  treating  the  vortex  as 
composed  of  elemental  vortices  (ref.  18).  All  of  these  theoretical  approaches  are  semi -empirical , 
although  the  most  recent  one  of  Wardlaw  (ref.  18)  has  removed  some  of  the  empirical  inputs..  In  the  final 
analysis,  however,  none  of  these  methods  are  satisfactory  in  computing  the  magnitude  of  the  side  force, 
although  there  is  some  indication  that  they  may  be  useful  in  predicting  the  angle  of  onset. 

In  closing  the  discussion  of  the  theoretical  prediction  of  the  asymmetric  vortex  phenomena,  a word  of 
caution  is  in  order.  All  of  the  efforts  to  predict  this  phenomenon  have  drawn  heavily  on  the  impulsive 
crossflow  analogy.  As  powerful  as  this  analogy  is  in  comparing  the  phenomena  logical  observations,  it  does 
not  have  an  analytical  foundation.  The  methods  get  around  this  by  simple  empirical  inputs,  such  as 
separation  points,  vortex  strengths,  el..  A true  theoretical  model  for  this  difficult  flow  problem  is  a 
big  challenge  and  must  include  the  boundary-layer  characteristics. 

2 . 7 Some  Design  Guides 

The  foregoing  material  can  be  summarized  in  a few  design  guides.  Figure  14  shows  the  angle-of-attack 
boundaries  for  the  side-force  phenomena  for  pointed  forebodie;.  At  the  lowest  angle  of  attack  is  the 
angle  of  onset  boundary  that  is  independent  of  Mach  number  and  Reynolds  number  but  dependent  on  geometry 
(a  = 24m).  The  upper  limit  decreases  with  increasing  Mach  number  from  a maximum  of  80°  at  low  speed  to 
60°  at  M - 0.3.  Finally,  as  the  Mach  number  increases,  the  side  force  goes  to  zero  (solid  points),  which 
is  approximately  bounded  by  M sin  « = 0.5.  Within  this  boundary,  we  can  expect  side  forces  as  large  as 
the  forebody  normal  force.  Finally,  this  side  force  can  be  extensively  reduced  with  small  amounts  of 
bluntness  or  small  strakes. 

3.  NONUNIFORM  SEPARATION  ON  NONCIRCULAR  F0REB0DIES 

Flnw  separation  on  noncircular  bodies  is  now  discussed,  called  "nonuniform  separation"  to  distinguish 
it  from  asymmetric  separation  on  circular  bodies.  The  simplest  way  to  describe  the  difference  between 
nonuniform  separated  flow  and  asymmetric  vortex  flow  is  to  use  the  illustrations  in  figure  15.  Figure  16 
illustrates  an  asynmetric  vortex  flow  pattern  as  it  mignt  bo  observed  in  the  crossflow  plane  of  a circular 
cylinder  or  circular  cross-section  forebody  (as  described  previously).  The  flow  separation 
characteristically  occurs  near  the  maximum  diameter  on  both  sides  if  the  angle  of  sideslip  is  zero,  but 
can  be  asynmetric  when  asynmetric  vortices  are  shed  which  lead  to  side  forces  (shown  by  Cyj.  Nonuniform 
flow  separation  for  noncii'.ular  bodies  is  illustrated  In  figure  15(b),  which  shows  a bod/ with  square 
cross  section  and  rounded  ..mers.  The  flow  field  for  this  type  of  body  at  zero  sideslip  angle  (i.e., 
zero  roll  angle  about  the  body  longitudinal  axis  for  the  two-dimensional  case)  Is  normally  symmetric 
(exceptions  occur  In  the  critical  crossflow  regime).  However,  with  small  amounts  of  sideslip  (or  body 
roll)  two-dimensional  tests  (ref.  24,  25)  have  shown  that  at  subcritlcal  Reynolds  numbers,  the  flow 
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attaches  at  the  near  comer  (windward  side)  and  separates  on  the  far  corner  (leeward  side)  and  at  super- 
critical Reynolds  numbers  the  flow  Is  attached  on  both  windward  and  leeward  sides.  This  very  nonuniform 

flow  behavior  results  In  strong  side  forces  that  can  either  be  Into  (+Cy  as  shown  In  Fig.  15(b))  or  away 
from  (-Cy)  the  cross  wind  velocity  component. 

Some  recent  tests  on  models  with  this  type  of  cross  section  have  been  conducted  In  the  Ames  12-Foot 

Pressure  Wind  Tunnel  on  a rotary  spin  apparatus  (fig.  15(c).  The  nose  cross  section  was  a 7.62  cm 

(3  In.)  square  with  rounded  corners  of  1.9  cm  (0.75  In.)  radius.  The  total  length  of  the  nose  was 
approximately  26.7  cm  (10.5  in.)  Including  the  hemispherical  tip.  A more  detailed  description  Is  given 
by  Clarkson  et  al_.  (ref.  14).  Force-  and  moments  were  measured  on  the  nose  section  alone  and  also  for  the 
entire  model,  Including  the  circular  center  and  tall  sections,  by  use  of  force  balances  located  In  both 
the  nose  and  the  rotating  sting.  In  addition  to  tests  at  angles  of  attack  of  90°,  where  the  flow  Is 
essentially  two-dimensional,  tests  at  angles  of  attack  of  45s,  60®  and  75°  were  also  conducted. 

3.1  Angle  of  Attack  and  Reynolds  Number  Effects 

A set  of  side-force  coefficient  data  measured  at  two  angles  of  attack  (45°  and  90°)  and  over  a range 
of  Reynolds  numbers  from  subcritical  to  supercritical  is  shown  in  figure  16  as  a function  of  the 
dimensionless  spin  parameter  (sometimes  referred  to  as  the  reduced  frequency).  Two  important  points 
should  be  noted.  First,  at  u = 90°,  the  side  force  on  the  nose  changes  from  a strong  pro-spin  contribu- 
tion at  low  or  subcritical  Reynolds  numbers  to  a strong  antispin  contribution  at  the  higher  or  super- 
critical Reynolds  numbers.  It  is  also  possible  to  get  asymmetric  flow  with  resulting  side  forces  with  no 
spin  motion,  particularly  in  the  critical  Reynolds  number  range.  Tl  » second  major  point  Is  that  at 
a = 45°  the  side  force  is  antispin  for  all  Reynolds  numbers  including  the  low  Reynolds  numbers.  This  is 
not  what  one  would  expect  on  the  basis  of  simple  crossflow  analogy  concepts  since  the  crossflow  Reynolds 
number  at  a = 45°  is  0.7  of  the  crossflow  Reynolds  number  at  a = 90®  for  the  same  freestream  Reynolds 
number. 

3.2  Comparison  of  Measured  and  Calculated  Spin  Coefficients 

To  assess  the  ability  to  predict  spin  coefficients,  a comparison  was  made  between  the  measured  '.pin 
coefficient  at  a = 90°  and  a calculated  spin  coefficient  based  on  two-dimensional  static  force  data 
determined  at  a variety  of  Reynolds  numbers  and  body  roll  angles  (at  a = 90®,  the  body  roll  angie  in  a 
static  test  would  correspond  to  the  local  body  helix  angle  in  a spin  model).  The  method  for  computing 
these  coefficients  is  shown  in  reference  14.  Computations  were  made  for  both  supercritical  and 
subcritical  flow  cases  (fig.  17).  Two  supercritical  comparisons  are  shown  in  figure  17(a),  one  for  an 
initial  body  roll  angle  of  0°  and  one  for  10®.  The  agreement  between  measured  and  calculated  co- 
efficients is  very  good.  Figure  17(b)  shows  a subcritical  comparison  at  zero  body  roll  and,  although 
the  agreement  is  not  as  good  as  for  the  supercritical  flow  case,  it  does  have  the  correct  trend. 

If  one  were  to  apply  this  comparison  technique  to  the  body  at  45®  using  the  crossflow  Reynolds  number 
to  determine  the  proper  force  calculation,  there  would  obviously  be  total  disagreement  (fig.  16).  At  any 
given  freestream  Reynolds  number,  the  decrease  In  angle  of  attack  from  90®  to  45°  results  In  a decrease  of 
the  crossflow  velocity  vector  and,  consequently,  crossflow  Reynolds  number.  This  means  that  flow  charac- 
teristics should  look  even  more  subcritical  than  at  90®.  However,  the  data  show  that  at  a * 45‘  at  low 
Reynolds  numbers,  the  side  force  Indicates  supercritical  flow  ar,  was  observed  at  high  Reynolds  numbers  at 
a 1 90®.  The  strong  Influence  of  axial  flow  and  the  resulting  complex  three-dimensional  flow  field  are 
the  subjects  of  an  active  research  program  presently  under  way  at  Ames, 

3.3  Some  Design  Guides 

Unfortunately,  there  are  not  as  yet  many  design  guides  available  for  nonuniform  separated  flows. 

Some  words  of  warning  may  be  in  order,  however.  First,  testing  at  subcritical  Reynolds  numbers  in  free- 
spin  tunnels  and  on  captive  spin  test  apparatus  as  used  here  can  lead  to  erroneous  conclusions  if  one  were 
to  directly  apply  the  results  to  spin  prediction  of  full  scale  aircraft  with  supercritical  flow.  Second, 
the  application  of  simple  crossflow  ideas  to  calculate  body  forces  on  spinning  aircraft  near  n * 90®  (flat 
spin  case)  may  be  valid,  but  for  angles  of  attack  less  than  tnat  encountered  in  a very  steep  spin  the  cal- 
culation would  be  totally  inadequate.  This  reinforces  the  point  made  in  an  earlier  section  that 
application  of  . '■ossflow  analogy  ideas  in  many  cases  may  be  misleading. 

4.  CONCLUDING  REfW'KS 

Two  basically  different  types  of  forebody  flow  have  been  examined.  The  state  of  our  understanding  of 
fhe  side  forces  and  moment  resulting  from  these  flows  has  been  discussed  and  some  design  and  testing 
guides  proposed.  Although  much  testing  of  these  flows  has  been  performed  and  much  empirical  understanding 
exists,  a considerable  amount  of  basic  knowledge  is  still  lacking.  Detailed  flow  measurements  and 
pressure  distributions  must  be  made  to  improve  the  state  of  knowledge.  Finally,  the  crossflow  analogy 
ideas  may  be  hindering  an  examination  of  these  data  with  a coi.ip’etely  open  mind.  The  analogy  has  been  a 
valuable  aid,  but  other  flow  models  need  to  be  considered. 
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Fig.  16-1  Yawing  moments  at  high  angles  of  attack  Fig.  16-2  Schematic  of  symmetric  and  asymmetric 
and  zero  sideslip  for  three  aircraft  vortex  formations  on  a body  of  revolu- 

models.  tlon  at  moderate  and  high  angles  of 
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Fig.  16-3  Sketch  of  forebody  configurations  for 
asymmetric  force  studies.12 
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Fig.  16-4  Typical  forebody  side-force  curve, 

including  a comparison  of  results  from 
separate  facilities,  for  an  i/d  * 3.5 
pointed  tangent  ogive. 
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(a)  Pointed  circular  forebodies  (b)  Pointed  elliptic  forebody 

Fig.  16-5  Effect  of  fcebody  shape  on  side-force  curves  for  the  forebody  models  with  pointed  noses. 
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Fig.  16-11  Effect  of  roll-angle  position  of  Fig.  16-12  Effect  of  sideslip  on  side  force  for 
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Fig.  16-13  Effect  of  Reynolds  number  <ind  spin  rate 
on  side  force  for  t/d  = 3.5  pointed 
tangent  ogive. 
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Fig.  16-14  Angle  of  attack/Hach  number  boundaries 
for  steady  side  force  for  pointed  circu- 
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Fig,  16-15  Asymmetric  flow  mechanisms  In  a spin 
motion. 


Fig.  16-16  Effect  of  Reynolds  number  and  angle  of 
attack  on  nose  section  side  force  In 
spin  motion. 
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SUMMARY 

The  National  Aeronautics  and  Space  Administration  has  developed  several 
unique  test  techniques  and  facilities  which  are  used  to  predict  the  stall/ 
spin  characteristics  of  highly  maneuverable  military  aircraft.  The  paper 
discusses  three  of  the  more  Important  test  techniques  used  at  the  Langley 
and  Ames  Research  Centers,  Including  the  objectives,  advantages,  and  areas  of 
application  of  each  technique.  The  techniques  are  (1)  flight  tests  of 
dynamically  scaled  models,  (2)  rotary-balance  tests,  and  (3)  piloted 
simulator  studies. 

As  a result  of  the  shortcomings  of  theoretical  methods,  the  most 
reliable  source  of  information  on  stell/spin  characteristics  prior  to 
full-scale  flight  tests  has  been  tests  of  dynamically  scaled  models.  The 
dynamic  model  techniques  used  by  NASA  are  (1)  the  wind-tunnel  free-fllght 
technique,  (2)  the  outdoor  drop  model  technique,  and  (3)  the  spin-tunnel 
test  technique. 

The  results  of  rotary-balance  tests  conducted  for  several  current 
fighter  configurations  Indicate  that  the  aerodynamic  characteristics  of 
these  vehicles  during  spins  are  extremely  complex  phenomena  wnich  tend  to 
be  Reynolds  number  dependent  and  which  vary  nonllnearly  with  spin  rate. 
Computer  studies  of  spinning  motions  have  indicated  that  data  obtained  from 
rotary-balance  tests  will  be  required  for  the  development  of  valid  theoreti- 
cal spin  prediction  techniques. 

Recent  experience  has  Indicated  that  the  extension  of  piloted  simula- 
tion techniques  to  high  angles  of  attack  provides  valuable  Insight  as  to 
the  spin  susceptibility  of  fighter  configurations  during  representative  air 
combat  maneuvers.  In  addition,  use  of  the  technique  Is  an  effective  method 
for  the  development  and  evaluation  of  automatic  spin  prevention  concepts. 


SYMBOLS 

b Wing  span,  m (ft; 

C Yawing-moment  coefficient 


Cy  Body  side-force  coefficient  H Spiu  rate,  rad/sec 

V Free-stream  velocity, 

a/sec  (ft/sec) 


INTRODUCTION 

Perhaps  the  most  valuable  contribution  to  an  analysis  of  the  stall/spin  characteristics  of  a modern 
military  airplane  is  an  accurate  prediction  of  these  characteristics  at  an  early  design  stage.  Unfortu- 
nately, standard  design  procedures  which  are  usually  applied  with  success  to  conventional  unstalled  flight 
are  severely  limited  In  application  to  the  stall/spin  area  because  of  the  relatively  complex  aerodynamic 
phenomena  associated  with  stalled  flow.  Experience  has  shown  that  the  aerodynamic  factors  which  influence 
the  stall  and  spin  may  be  nonlinear  In  nature  and  dependent  on  Interference  effects.  In  addition,  many 
factors  tend  to  be  extremely  configuration-oriented.  These  complexities  have  been  a major  deterrent  to  the 
development  of  design  procedure*  for  the  stall/spin  area. 

In  view  of  the  general  lack  of  understanding  of  the  stall/spin  problem,  NASA  has  developed  several 
unique  test  techniques  and  facilities  for  stall/spin  studies.  For  example,  the  only  operational  spin  tun- 
nel In  the  U.S.  Is  located  at  the  NASA  Langley  Research  Center.  As  a result  of  these  specialized  techni- 
ques, much  of  the  stall/spin  research  for  military  aircraft  and  virtually  all  of  the  dynamic  model  flight 
teats  related  to  stall/spin  are  conducted  by  NASA. 

These  studies  Involve  the  use  of  a wide  matrix  of  tools  Including  conventional  static  wind-tunnel 
force  tests,  dynamic  force  tests,  fllg'  t tests  of  dynamic  models,  theoretical  studies,  and  piloted  simula- 
tor studies.  The  present  paper  describes  three  of  the  more  importar<c  techniques:  fl)  flight  tests  of 

dynamically  scaled  models,  (2)  rotary-balance  tests,  and  (3)  piloted  simulator  studies. 
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DYNAMIC  MODEL  li'lHNIQUES 

Aa  a result  of  the  complexity  of  the  • tell /spin  problem,  end  the  leek  of  proven  alternate  predictive 
methods,  the  most  reliable  source  of  information  on  atall/apln  characteristics  prior  to  actual  flight 
tests  of  the  particular  airplane  has  been  tests  of  dynamically  scaled  airplane  models.  A properly  scaled 
dynamic  model  may  be  thought  of  as  a simulator  with  the  proper  values  of  the  various  aerodynamic  and 
inertial  parameters. 

The  NASA  has  developed  several  unique  dynamic  model  test  techniques  for  stall/spin  studies.  This 
paper  vlll  describe  three  of  the  more  important  teat  techniques  Including  the  objectives,  advantages  and 
limitations,  and  area  of  application  of  each  technique.  The  techniques  are:  (1)  the  wind-tunnel  free- 

flight  technique,  (2)  the  outdoor  radio-controlled  model  technique,  and  (3)  the  spin-tunnel  test  technique. 

Before  discussing  the  techniques,  however,  a brief  review  of  model  scaling  laws  is  in  order  to  prop- 
erly Introduce  the  reader  to  dynamic  model  testing  and  to  clarify  some  of  the  reasons  for  the  test  equip- 
ment and  procedures. 

Model  Scaling  Considerations 

Dynamic  models  must  be  scaled  In  each  of  the  fundamental  units  of  mass,  length,  and  time  in  order  to 
provide  test  results  that  are  directly  applicable  to  the  corresponding  full-scale  airplane  at  a given 
altitude  and  loading  condition.  Units  of  length  are,  of  courae,  scaled  from  geometric  ratioa;  units  of 
mass  are  scaled  from  those  of  the  full-scale  airplane  on  the  basis  of  equal  relative  density  factor;  and 
time  is  scaled  based  on  equal  Froude  number.  Aa  a result  of  scaling  In  this  Mnner,  the  motlona  of  the 
model  are  geometrically  similar  to  those  of  the  full-scale  airplane  and  motion  parameters  can  be  scaled 
by  applying  the  scale  factors  given  in  Table  I. 

Some  limitations  of  the  dynamic  model  test  techniques  are  apparent  from  an  examination  of  the  factors 
given  in  Table  I.  For  example,  the  model  is  tested  at  a value  of  Reynolds  number  considerably  less  than 
those  of  the  full-scale  airplane  at  comparable  flight  conditions.  A 1/9-scale  dynamic  model  has  a Reynolds 
number  only  1/27  that  of  the  corresponding  airplane.  It  should  also  be  noted  that,  although  the  linear 
velocities  of  the  model  are  smaller  than  full-scale  values,  the  angular  velocities  are  greater  than  full- 
scale  values.  For  example,  a 1/9-scale  model  has  a flight  speed  only  1/3  that  of  the  airplane,  but  it  has 
angular  velocities  that  are  three  times  as  fast  as  those  of  the  airplane. 

The  discrepancy  In  Reynolds  number  between  model  and  full-scale  airplane  can  be  an  Important  factor 
which  requires  special  consideration  for  stall/spin  tests.  For  example,  during  spin-tunnel  tests,  large 
Reynolds  number  effects  may  be  present  which  cause  the  model  to  exhibit  markedly  different  characteristics 
than  those  associated  with  correct  values  of  Reynolds  number.  'This  point  will  be  discussed  in  detail  in  a 
later  section  on  spin-tunnel  testing. 

The  fact  that  the  angular  velocities  of  the  model  arc  much  faster  than  those  of  the  airplane  poses 
special  problems  with  regard  to  controllability  of  the  model  for  certain  techniques.  Because  the  human 
pilot  has  a certain  minimum  response  time.  It  has  been  found  that  a single  human  pilot  cannot  satisfac- 
torily control  awi  evaluate  dynamic  flight  models.  It  will  be  shown  In  subsequent  sections  how  this 
control  problem  is  overcome  by  use  of  multiple  pilots. 

The  stall  and  spin  of  an  airplane  involve  complicated  balances  between  the  aerodynamic  and  inertial 
forces  and  moments  acting  on  the.  vehicle.  In  order  to  conduct  meaningful  tests  with  dynamic  models,  it 
Is  Important  that  these  parameters  be  properly  scaled.  It  is,  therefore,  mandatory  that  the  scale  factors 
given  in  Table  I be  used  to  arrive  at  a suitable  dynamic  model.  Simply  scaling  dimensional  characteristics 
without  regard  to  other  parameters  (as  Is  the  case  for  most  radio-controlled  hobbyist  models)  will  produce 
erroneous  and  completely  misleading  results. 

The  Wind-Tunnel  Free-Fllght  Technique 

Each  of  the  model  test  techniques  to  be  discussed  In  this  paper  has  a particular  area  of  application 
within  a broad  study  of  stall/spin  characteristics  for  a given  airplane  configuration.  The  first  techni- 
que to  be  discussed,  known  as  the  wind-tunnel  free-flight  technique.  Is  used  specifically  to  provide 
information  on  flight  characteristics  for  angles  of  attack  up  to  and  Including  the  stall.  The  test  setup 
for  thi-  model  test  technique  Is  illustrated  by  the  sketch  shown  In  Figure  1.  A remotely  controlled 
dynamic  model  Is  flown  without  restraint  in  the  9.1-  by  18.2-meter  (30-  by  60-ft)  open-throat  test  section 
of  the  Langley  full-scale  tunnel.  Two  pilots  art  used  during  the  free-flight  tests.  One  pilot,  who  con- 
trols the  longitudinal  motions  of  the  model,  Is  located  In  an  enclosed  balcony  at  one  side  of  the  test 
section  while  the  second  pilot,  who  controls  the  lateral-directional  motions  of  the  model.  Is  located  In 
an  enclosure  at  the  rear  of  the  test  section.  The  model  Is  powered  by  compressed  air,  and  the  level  of 
thrust  Is  controlled  by  a power  operator  who  Is  also  located  In  the  balcony. 

The  cable  attached  to  the  model  serves  two  purposes.  The  first  purpose  Is  to  supply  the  model  with 
compressed  air,  electric  power  for  control  actuators,  and  control  signals  through  a flexible  trailing 
cable  which  Is  made  up  of  wires  and  light  plastic  tubes.  The  second  purpose  of  the  cable  Is  concerned 
with  safety.  A portion  of  the  cable  is  a steel  cable  that  passes  through  a pulley  above  the  test  section. 
This  part  of  the  flight  cable  Is  used  to  catch  the  model  when  a test  Is  terminated  or  when  an  uncontrol- 
lable motion  occurs.  The  entire  flight  cable  is  kept  alack  during  the  flight  tests  by  a safety-cable 
operator  who  accomplishes  this  Job  with  a high-speed  pnctmatlc  winch. 

The  model  Incorporates  limited  instrumentation  for  measurements  of  motion  and  control  deflections. 

The  instrumentation  consists  of  control-position  lndicstors  on  each  control  surface  and  a three-axis  rate 
gyro  package.  The  output  of  the  Instrumentation  Is  transferred  by  wires  to  the  location  of  the  test  crew 
in  the  balcony,  where  the  dat>i  are  recorded  in  time  history  form  on  oscillograph  recorders.  Motion  picture 
records  from  several  advantageous  positions  are  also  made  during  the  flights. 


13-3 


Although  It  Is  possible  for  a single  human  pilot  to  fly  the  node!  by  operating  ell  control  simulta- 
neously, such  an  arrangement  is  not  suitable  for  research  purposes  because  the  pilot  nust  concentrate  so 
Intently  on  the  task  of  keeping  the  model  flying  satisfactorily  that  he  is  not  able  tc  evaluate  Its  flight 
characteristics  in  sufficient  detail.  This  intense  concentration  Is  required  for  several  reasons,  one  of 
which  (the  high  angular  velocities  of  the  model)  was  Indicated  earlier  in  the  section  on  model  scaling 
considerations.  Another  factor  contributing  to  the  difficulty  of  control  Is  the  lack  of  "feel"  in  flying 
a model  by  remote  control.  In  this  technique  the  human  pilot  does  not  sense  accelerations  as  the  pilot  of 
an  airplane  does,  and  he  must,  therefore,  fly  with  sight  cues  as  the  primary  source  of  information.  This 
lack  of  cues  results  in  lags  in  control  inputs  which  become  very  significant  when  attempting  to  fly  a 
model  within  a relatively  restricted  area  within  the  tunnel  test  section.  These  control  problems  are 
especially  aggravated  during  tests  of  airplane  configurations  at  high  angles  of  attack,  where  lightly 
damped  lateral  oscillations  (wing  rock) , directional  divergence  (nose  slice) , and  longitudinal  instability 
(pltchup)  are  likely  to  occur. 

In  the  wind-tunnel  free-flight  technique,  each  pilot  concentrates  only  on  the  phase  of  model  motion 
for  which  he  Is  responsible.  As  a result,  he  Is  able  to  fly  the  model  with  greater  ease  and  relaxation 
and  can  thoroughly  evaluate  the  characteristics  of  the  model.  In  this  manner,  the  control  difficulties 
Inherent  in  the  free-flight  technique  are  largely  compensated  for.  The  control  problems  are  also  mini- 
mized by  the  use  of  a fast  actuating  full-on  or  full-off  (bang-bang)  control  system.  The  rapid  response 
produced  by  this  type  of  control  enables  the  pilot  to  maintain  relatively  tight  control  over  the  model. 

The  wind-tunnel  free-flight  technique  can  produce  valuable  information  during  studies  of  flight 
motions  at  high  angles  of  attack  and  at  the  stall.  Various  phases  of  a typical  investigation  would 
include:  (1)  flights  at  several  values  of  angles  of  attack  up  to  and  including  the  stall  to  evaluate 

dynamic  stability  characteristics,  (2)  an  evaluation  of  pilot  lateral  control  techniques  at  high  angles  of 
attack,  and  (3)  an  evaluation  of  the  effects  of  stability  augmentation  systems. 

Studies  of  dynamic  stability  characteristics  at  high  angles  of  attack  and  at  the  stall  are  conducted 
by  vnrying  the  tunnel  airspeed,  model  thrust,  and  the  angle  of  attack  of  the  model  in  steps  in  order  to 
trim  the  model  at  several  values  of  angle  of  attack  and  noting  the  resulting  dynamic  stability  character- 
istics at  each  trim  condition.  By  simultaneously  reducing  the  tunnel  airspeed  and  increasing  the  model 
angle  of  attack  and  thrust,  the  model  can  be  flown  through  maximum  lift,  or  if  the  model  exhibits  a 
dynamic  instability,  it  can  be  flown  to  the  point  where  loss  of  control  occurs.  As  a result  of  this  type 
of  study,  instabilities  which  could  seriously  limit  the  maneuvering  capability  and  endanger  the  safety  of 
the  full-scale  airplane  are  easily  and  safely  identified. 

An  evaluation  of  the  effect  of  lateral  control  inputs  at  high  angles  of  attack  is  made  by  using  the 
lateral-directional  controls  both  individually  and  in  various  combinations.  These  tests  give  an  indication 
as  to  the  relative  effectiveness  of  the  controls  at  high  angles  of  attack.  Including  an  evaluation  of 
adverse  yaw  characteristics.  These  tests  are  important  because  it  is  possible  for  a configuration  which  is 
otherwise  dynamically  stable  to  experience  an  out-of-control  condition  because  of  lack  of  adequate  control 
power  or  excessive  adverse  yaw. 

The  model  is  equipped  with  a simplified  stability  augmentation  system  in  the  form  of  artificial  angu- 
lar rate  damping  in  roll,  yaw,  and  pitch.  Air-driven  rate  gyroscopes  arc  used  in  conjunction  with 
proportional- type  control  servos  to  produce  artificial  variations  in  the  aeiodynamlc  damping  of  the  model. 
The  effect  of  stability  augmentation  about  each  individual  axis  is  evaluated  as  part  of  the  free-flight 
program. 

The  wind-tunnel  free-flignt  technique  has  several  inherent  advantages:  (1)  because  the  tests  are  con- 

ducted indoors,  the  test  schedule  is  not  subject  to  weather  conditions;  (2)  the  tests  are  conducted  under 
controlled  conditions  and  a large  number  of  tests  can  be  accomplished  in  a relatively  short  period  of  time; 
(3)  airframe  modifications  are  quickly  evaluated;  and  (4)  models  used  in  the  technique  are  relatively  large 
(1/10-scale  for  moat  fighter  configurations)  and  can,  therefore,  be  used  in  force  tests  to  obtain  static 
and  dynamic  aerodynamic  characteristics  for  analysis  of  the  model  motions  and  as  inputs  for  other  forms  of 
analysis,  such  as  piloted  simulators. 

The  Outdoor  Radio-Controlled  Model  Technique 

A significant  void  of  information  exists  between  the  results  produced  by  the  wind-tunnel  free-flight 
test  technique  tor  angles  of  attack  up  to  and  including  the  stall,  and  the  results  produced  by  the  spin- 
tunnel  test  technique,  which  defines  developed  spin  and  spin-recovery  characteristic.  The  outdoor  radio- 
controlled  model  technique  has,  therefore,  been  designed  to  supply  information  on  the  post-stall  and  spin- 
entry  motions  of  airplanes.  The  technique  used  at  Langley  has  been  used  for  a number  of  years,  and  the 

equipment  and  overall  operation  is  much  less  sophisticated  than  those  involved  in  recent  drop  model  techni- 

ques developed  by  the  NASA  Flight  Research  Center  and  the  Air  Force  Flight  Dynamics  Laboratory.  The 
Langley  radio-controlled  model  technique  consists  of  launching  an  unpowered,  dynamically  sealed,  radio- 
controlled  model  into  gliding  flight  from  a helicopter,  controlling  the  flight  of  the  model  from  the 
ground,  and  recovering  the  model  with  a parachute.  A photograph  showing  a typical  model  mounted  on  the 
launching  rig  of  the  helicopter  is  shown  in  Figure  2. 

The  models  used  in  these  tests  are  made  relatively  strong  to  withstand  high  landing  impact  loads  of 
100  to  150  g's.  They  are  constructed  primarily  of  fiberglass  plastic,  with  the  fuselages  in  this  case 
being  0.64-c»-  (0.25-ln.)  thick  hollow  shells  and  the  wings  and  tails  having  solid  balsa  cores  with  fiber- 
glass sheet  coverings.  The  model  weights  vary  up  to  about  890  N (200  lb)  for  simulation  of  relatively 

heavy  fighters  at  an  altitude  of  9114  m (30,000  ft).  Radio  receivers  and  electric-motor-powered  control 
actuators  are  installed  to  provide  individual  operation  of  all  control  surfaces  and  a recovery  uarachute. 
Proportional-type  control  systems  are  used  in  this  technique. 

The  instrumentation  for  the  redlo-controlled  models  usually  consists  of  a three-axis  linear  accelerom- 
eter package,  a three-axis  race  gyro  package,  control  position  indicators,  and  a nose  boom  equipped  with 


13-4 


vanes  to  measure  angle  of  attack,  angle  of  sideslip,  and  velocity.  The  signals  from  the  instrumentation 
are  transmitted  to  the  ground  via  telemetry. 

Two  ground  stations  are  used  for  controlling  the  flight  of  the  model.  The  control  duties  are  shared 
by  two  pilots,  since  this  technique  is  also  subjected  to  the  control  difficulties  previously  discussed 
for  the  wind-tunnel  flight  tests.  Each  ground  station  is  provided  with  a radio-control  unit,  conmunica- 
tlons  equipment,  and  a motorized  tracking  unit  equipped  with  binoculars  (to  assist  the  pilots  in  viewing 
the  flight  of  the  model).  A photograph  of  the  tracking  and  controlling  equipment  is  shown  in  Figure  3. 

All  phases  of  the  test  operation  are  directed  by  a test  coordinator.  In  addition,  magnetic  tape  recorders 
on  the  ground  are  used  to  record  voice  communications  between  the  helicopter,  coordinator,  and  the  model 
pilots. 

The  models  are  trimmed  for  approximately  zero  lift  and  launched  from  the  helicopter  at  an  airspeed 
of  about  40  knots  and  an  altitude  of  about  1S24  a (5000  ft).  The  models  are  allowed  to  dive  vertically 
for  about  5 seconds,  after  which  the  horizontal  tails  are  moved  to  stall  the  model.  After  the  stall, 
various  control  manipulations  may  be  used;  for  example,  lateral-directional  controls  may  be  moved  in  a 
direction  to  encourage  any  divergence  to  d /elop  into  a spin.  When  the  model  hes  descended  to  an  altitude 
of  about  152  m (500  ft),  a recovery  parachute  is  deployed  to  effect  a safe  landing. 

The  outdoor  radio-controlled  model  technique  provides  information  which  cannot  be  obtained  from  the 
other  test  techniques.  The  indoor  free-flight  tests,  for  example,  will  identify  the  existence  of  a 
directional  divergence  at  the  stall,  but  the  test  is  terminated  before  the  model  enters  the  incipient 
spin.  In  addition,  only  1-g  stalls  are  conducted.  The  radio-controlled  technique  can  be  used  to  evaluate 
the  effect  of  control  Inputs  during  the  incipient  spin,  and  accelerated  stalls  can  be  produced  during  the 
flights.  At  the  other  end  of  the  stell/spln  spectrum,  spin-tunnel  tests  may  indicate  the  existence  of  a 
flat  or  nonrecoverable  spin  mode,  but  it  may  be  difficult  for  the  Airplane  to  artain  thit.  spin  rurde  from 
conventional  flight  — the  difference  being  that  models  in  the  spin  tunnel  are  launched  at  about  90°  angle 
of  att.-ic  with  a forced  spin  rotation.  The  radio-controlled  teat  technique  determines  the  spin  suscepti- 
bility of  a given  airplane  by  using  spin  entry  techniques  similar  to  that  of  the  full  . ale  airplane. 

During  a typical  study  using  this  technique,  a complete  study  will  be  made  of  the  effects  of  various 
types  of  control  inputs  during  post-stall  motions.  For  example,  the  ability  of  a configuration  to  enter  a 
developed  spin  following  the  application  of  only  longitudinal  control  (with  no  lateral -directional  inpuic) 
will  be  compared  with  results  obtained  whan  full  prosper  controls  are  applied.  Recovery  from  the  incipi- 
ent spin  is  evaluated  by  applying  recovery  controls  at  various  stages  of  the  post-stall  motion;  for 
example,  controls  may  be  neutralized  at  varying  numbers  (or  frac  ions)  of  turns  after  the  ..tall.  The 
radio-controlled  technique,  therefore,  determines  (1)  the  spin  susceptibility  of  a configuration,  (2)  con- 
trol techniques  that  tend  to  produce  developed  spins,  and  (3)  the  effectiveness  of  various  control  techni- 
ques for  recovery  from  out-of-control  conditions. 

There  are  several  limitations  of  the  radio-controlled  t*ihnique  that  should  be  kep.  ? i mind.  The 
first,  the  most  obvious,  limitation  is  the  fact  that  the  tesf.j  arc  coreiucted  out-of-doors.  The  test 
schedule  is,  therefore,  subject  to  weather  conditions,  and  excessive  winds  and  rain  can  severely  curtail 
a program.  Another  limitation  to  the  technique  is  that  it  is  relatively  expensive.  Expeii've  flight 
instrumentation  is  required  to  record  the  motions  of  the  model;  and  the  large  size  of  tner  - models 
requires  the  use  of  more  powerful  and  reliable  electronic  equipment  than  that  used  by  hobbyists.  Costs 
are  compounded  by  the  fact  that  the  model  and  its  electronic  equipment  frequently  suffer  costly  damage  on 
landing  Impact.  Because  of  this  higher  cost  and  the  slow  rate  at  which  radio-controlled  dro  • model  tests 
can  be  accompxlshed,  this  technique  is  used  only  in  special  cases  where  the  simpler  and  chef  >r  wind- 
tunnel  and  spin-tunnel  techniques  will  not  give  adequate  information.  For  example,  when  it  s necessary 
to  know  whether  an  airplane  can  he  flown  into  a particular  dangerous  spin  mode,  or  when  one  Mints  to 
investigate  recovery  during  the  incipient  apin.  Conversely,  most  of  the  exploratory  work,  such  as  devel- 
oping "fixes"  for  a departure  at  the  3tall  or  investigating  a variety  of  spin-recovery  techniq.  es,  is 
done  in  the  wind  tunnels. 

The  Spin-Tunnel  Test  Technique 

The  best  known  test  technique  used  today  to  study  the  spin  and  spin-recovery  charac‘.jriutic8  of  an 
airplane  is  the  spin-  tunnel  test  technique.  The  present  6-m  (20-ft)  Langley  spin  tunnel  has  been  in 
operation  since  1941,  when  it  replaced  a smaller  4 5-m  (15-ft)  apin  tunnel.  An  external  viev  of  the  spin 
tunnel  is  shown  in  Figure  4,  a cross-sectional  view  is  jhown  in  Figure  5,  and  a view  of  the  test  section 
is  shown  in  Figure  6.  in  this  tunnel,  air  is  drawn  upward  by  a fan  located  above  the  test  section. 

Maximum  speed  of  the  tunnel  la  about  30  m/a  (97  ft/sec),  resulting  in  a maximum  value  of  Reynolds  number 
of  about  0.18  x 10®/m  (0.6  x 10®/ft).  Models  are  h'-id-launched  at  about  90°  angle  of  attack,  with  pre- 
rotation,  into  the  vertically  rising  airstream.  Thr  model  then  seeks  its  own  developed  spin  mode  or 
modes.  For  recovery,  the  tunnel  operator  deflects  the  aerodynamic  controls  on  the  model  to  predetermined 
positions  by  remote  control.  Motion-picture  records  are  used  to  record  the  spinning  and  recovery  motions. 

The  models  tested  in  the  spin  tunnel  are  normally  made  of  fiberglass  construction  and,  for  fighter 
airplanes,  are  usually  made  to  a scale  of  about  1/30.  In  a spin-tunnel  investigation,  the  progrem  consists 
of  (1)  determination  of  the  v-rious  apin  modes  and  spin-recovery  characteristics,  (2)  study  of  the  effect 
of  center-of-gravity  position  end  mass  distribution,  (3)  determination  of  t*>e  effect  of  external  stores, 
and  (4)  determination  of  *-ho  size  and  type  parachute  requited  for  emergency  apin  recovery. 

In  a typical  srln-tunnel  teat  program,  tests  are  made  at  the  normal  operating  loading  condition  for 
the  airplane.  The  spin  and  spin-recovery  characteristics  are  determined  for  ell  combination*  of  rudder, 
..lavaxui , «tni  all*. cun  Ilium,  cue  Lui.li  i cgiu  auu  leii  aplns.  Iii  effect,  u matrix  uf  both  the  spin  and 
spin-recovery  cha  /acterlatics  are  obtained  for  all  co.itrol  settings  for  the  normal  l-.adlng  opuratlng 
condition.  Using  these  data  as  a baseline,  selected  spin  coi<dltlons  are  treated  again  with  incremental 
changes  to  the  center  of  gravity  and/or  mass  conditions.  Then,  based  cn  the  effects  of  these  tncreaentsl 
changes,  an  analysis  is  made  to  determine  the  spin  and  spln-recoveiy  characteristics  that  the  correspond- 
ing airplane  la  expected  to  have.  Also,  the  effectiveness  of  various  control  positions  and  deflections 
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are  analyzed  Co  determine  which  control  technique*  are  most  effective  for  recovery.  After  the  spin- 
recovery  characteristics  for  the  normal  loading  conditions  have  been  determined,  additional  tests  are 
made  to  determine  the  effects  of  other  loading  conditions,  store  configurations  (including  asymmetric 
stores),  and  other  items  of  interest  such  as  speed  brakes  and  leading-  and  trailing-edge  flaps. 

The  parachute  size  required  for  emergency  spin  recovery  is  determined  for  the  most  critical  spin 
conditions  observed  in  the  spin-tunnel  tests,  and  is  checked  at  other  conditions  throughout  the  test 
program.  If  the  parachute  size  is  found  to  be  too  small  for  other  conditions,  the  size  is  adjusted  so 
that  the  parachute  finally  recommended  for  use  on  the  spin  demonstration  airplane  will  be  sufficient  to 
handle  the  most  critical  spins  possible  on  the  airplane  for  any  loading. 

As  a result  of  the  combination  of  the  relatively  small  scale  of  the  model  and  the  low  tunnel  speeds, 
spin-tunnel  tests  are  run  at  a value  of  Reynolds  number  which  is  much  lower  than  that  for  the  full-scale 
airplane.  Experience  has  shown  that  the  differences  in  Reynolds  number  can  have  significant  effects  on 
spin  characteristics  displayed  by  models  and  the  interpretation  of  these  results.  In  particular,  pa3t 
results  have  indicated  that  very  significant  effects  can  be  produced  by  air  flowing  across  the  forward 
fuselage  at  angles  of  attack  approaching  90°.  These  effects  are  influenced  by  the  cross-sectional  shape 
of  the  fuselage  forebody  aud  may  be  extremely  sensitive  to  Reynolds  number  variations.  Particular  atten- 
tion is,  therefore,  requived  for  documentation  of  this  phenomenon  prior  to  spin-tunnel  tests.  This 
evaluation  has  been  conducted  in  the  past  with  the  aid  of  static  force  testo  over  a wide  Reynolds  number 
range  as  described  in  the  following  discussion. 

Shown  in  Figure  7 is  a plan  view  of  an  airplane  in  a right  spin.  The  arrows  along  the  nose  indicate 
the  relative  magnitude  and  sense  of  the  linear  sideward  velocities  along  the  fuselage  due  to  the  spinning 
rotation.  The  sketch  on  the  right-hand  side  of  the  figure  illustrates  the  sideslip  angle  at  a representa- 
tive nose  location  due  to  the  spin  rotation.  As  can  be  seen,  the  airplane  rate  of  descent  and  the  side- 
ward velocity  at  the  nobe  of  the  airplane  combine  vectorially  to  produce  a positive  f Idesllp  angle  0 at 
the  nose.  It  has  been  found  that  sideslip  on  the  nose  of  an  airplane  at  spin  attitudes  can  produce  large 
forces,  and  these  forces  in  turn  produce  large  moments,  because  the  length  betwee  the  nose  and  center  of 
gravity  of  modem  military  airplanes  tends  to  be  relatively  large.  If,  in  the  case  of  a right  spin  (as 
shown  in  Fig.  7)  positive  (nose-.-ight)  yawing  moment's  are  produced  by  the  nose  due  to  the  effective  side- 
slip angle,  then  the  nose  is  producing  prospin,  or  autorotative  moments.  If,  on  the  other  hand,  negative 
(nose-left)  values  of  yawing  moment  are  produced  by  the  nose,  then  the  nose  is  producing  an  antispin,  or 
damping  moment. 

The  sense  of  the  moment  actually  produced  by  a particular  nose  configuration  may  be  very  sensitive 
to  the  value  of  Reynolds  number.  For  example,  shown  In  Figure  9 is  the  variation  of  static  yawing-moment 
coefficient  C„  with  Reynolds  number  for  a representative  fighter  configuration  at  an  ungle  of  attack  of 
80°  and  a sideslip  angle  of  10°.  Recalling  the  information  given  in  Figure  7,  a positive  value  of  6 
would  be  produced  at  the  nose  In  a right  spin,  and  positive  values  of  Cn  are  therefore  prospin,  while 
negative  values  are  antispin.  Two  regions  of  Reynolds  number  are  of  interest:  A low  value  which  is 

typical  of  spin-tunnel  tests,  and  a high  value,  indicative  of  the  conditions  for  the  full-scale  airplane. 
As  can  be  seen,  the  values  of  Cn  (which  at  this  angle  of  attack  are  produced  almost  entirely  by  the  nose) 
tend  to  be  prospin  at  the  spin-tunnel  test  condition,  and  antispin  for  the  full-scale  airplane  flight 
condition.  Also  shown  are  data  indicating  the  effect  of  nose  strake  on  Cn.  The  effect  of  the  strake  was 
to  modify  the  airflow  around  the  nose  and  to  make  the  aerodynamic  phenomenon  produced  by  the  nose  at  low 
Reynolds  number  similar  to  that  produced  at  higher  Reynolds  number. 

It  has  beeu  found  during  several  spin-tunnel  investigations  that  this  type  of  Reynolds  number  effect 
did  exist  for  some  configurations.  The  results  showed  that  the  model  exhibited  a nonrecoverable  fast-flat 
spin  without  corrections  for  Reynolds  number  because  of  the  prospin  moments  produced  by  the  nose.  When 
strokes  were  added,  satisfactory  recoveries  from  the  developed  spin  were  obtained  and  the  model  results 
could  be  extrapolated  to  full  scale  with  some  confidence.  Because  of  concern  over  the  possible  existence 
of  such  Reynolds  number  effects,  it  is  required  that  a series  of  static  wind-tunnel  force  tests  be  con- 
ducted to  insure  that  adequate  simulation  of  the  airplane  is  provided  by  -he  spin— runnel  model.  These 
tests  are  usually  performed  in  the  3.7-m  (12-ft)  pressure  tunnei  at  the  Ames  Research  Center. 

As  discussed  In  the  next  section  of  this  paper,  a rotary-balance  test  rig  has  recently  been  put  into 
operation  in  the  Ames  tunnel,  thereby  providing  for  the  analysis  of  aerodynamic  characteristics  during 
spinning  motions  at  high  values  of  Reynolds  number,  it  is  anticipated  that  this  apparatus  will  ultimately 
be  u3ed  for  the  preliminary  Reynolds  number  investigations  required  for  spin-tunnel  tests. 

ROTARY- BALANCE  TESTS 

One  cest  technique  which  has  been  used  to  produce  much  significant  information  regarding  the  complex 
aerouynamlc  characteristics  of  airplane  configurations  during  spinning  motions  is  the  rotary-balance  test 
technique.  In  this  technique,  six-component  measurements  arc  made  of  the  aerodynamic  forces  and  moments 
acting  on  a wind-tunnel  model  during  continuous  360'  spinning  motions  at  a constant  angle  of  attack.  Such 
tests  were  Initially  conducted  many  years  ago,  and  the  past  studies  identified  some  of  the  major  factors 
which  Influenced  spin  characteristics  for  configurations  at  that  time,  such  as  the  autorotative  tendencies 
of  unswept  wings  and  certain  fuselage  cross-sectional  shapes.  The  use  of  the  technique,  however,  lias  not 
kept  pace  with  the  rapid  evolution  in  fighter  configurations.  As  a result,  little  information  of  this 
type  is  available  for  current  fighter  configurations  which  feature  long  pointed  fuselage  noses  and  blended 
wing-body  arrangements. 

Shown  in  Figures  9 and  10  are  photographs  of  rotary-balance  test  rigs  recently  put  into  operation  by 
NASA  in  the  9.1-  by  18. 2-meter  (30-  by  60-ft)  full-scale  tunnei  at  the  Langley  Research  Center  and  the 
3.7-meter  (12-ft)  pressure  tunnel  at  the  Ames  Research  Centc: . Both  rigs  are  capable  of  providing  meas- 
urements of  six-component  data  over  a range  of  angle  of  attack  of  45"  to  90'  and  a range  of  nond imensional 
,Tb 
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The  apparatus  at  Langley  Is  designed  for  tests  of  the  relatively  large-scale  drop  models  used  for 
flight  tests  described  In  an  earlier  section  of  this  paper.  Thus,  aerodynaalc  data  can  be  measured  for 
the  drop  model  at  the  same  value  of  Reynolds  number  as  that  obtained  In  flight  tests,  and  the  data  can 
then  be  used  together  with  conventional  static  force  data  as  Inputs  to  theoretical  spin  prediction  pro- 
grams fur  correlation  with  the  results  of  flight  tests.  In  this  manner,  the  validity  of  theoretical 
techniques  can  be  evaluated  without  the  usual  complications  arising  from  differences  in  Reynolds  number 
between  wind-tunnel  tests  and  flight  tests.  The  apparatus  Is  currently  being  used  extensively  for  meas- 
urements of  data  for  several  current  military  configurations.  Tests  are  conducted  to  determine  the  char- 
acteristics of  the  basic  configuration,  the  effects  of  individual  and  combined  control  deflections,  the 
effects  of  tail  surfaces  and  nose  strakes,  and  the  effects  of  spin  radius  and  sideslip.  The  foregoing 
tests  are  limited  to  relatively  low  values  of  Reynolds  number  up  to  3.3  x l()6/m  (1  x 10^/ft). 

The  rotation-balance  apparatus  presently  operational  at  the  Ames  Research  Center  is  a modification 
of  an  apparatus  originally  built  for  testing  axisymmetrlc  bodies  in  the  Am**  1.8-  by  1.8-m  (6-  by  6-ft) 
supersonic  wind  tunnel.  It  has  just  recently  been  put  into  operation  for  conducting  basic  studies  of 
simple  airplane-like  configurations  and  is  the  forerunner  to  a new  rotation-balance  apparatus  now  under 
construction.  The  new  apparatus  will  allow  testing  of  complex  model  configuration"  at  angles  of  attack 
from  0°  to  100°  and  angles  of  sideslip  up  to  +30°  in  either  the  Ames  3.7-m  pressu'  j tunnel  or  3.4-  by 
3.4-m  (11-  by  11-ft)  transonic  tunnel.  As  a result  of  the  pressurization  capability  of  both  tunnels, 
data  may  be  obtained  for  Reynolds  numbers  up  to  about  29.5  x lO^/m  (9  x lO^/ft).  The  existing  modified 
rig  has  been  used  initially  for  tests  to  determine  the  effects  of  Reynolds  number,  angle  of  attack,  and 
spin  rate  on  the  aerodynamic  characteristics  of  airframe  components  such  as  pointed  noses,  various  fuse- 
lage cross-sectional  shapes,  and  drooped  horizontal  tail  surfaces. 

The  two  test  rigs  are  used  in  a coordinated  research  program  between  the  two  HASA  Centers.  Tests  at 
Langley  are  directed  at  an  understanding  of  the  types  of  aerodynamic  phenomena  exhibited  by  military  con- 
figurations during  spins,  the  mathematical  modeling  of  such  phenomena,  and  theoretical  evaluations  of  the 
effects  of  the  phenomena  on  spinning  motions  using  the  results  of  dynamic  model  tests  for  correlation  with 
theory.  Studies  at  Ames  are  directed  toward  an  evaluation  of  the  effects  of  Reynolds  number  on  aerodynamic 
characteristics  and  verification  of  phenomena  observed  during  tests  at  Langley. 

As  discussed  in  References  1 to  3,  the  results  of  these  tests  have  identified  several  configuration 
features  which  can  have  large  effects  on  the  aerodynamic  characteristics  of  modern  aircraft  during  spins. 
Figure  11  illustrates  some  of  the  prospin  flow  mechanisms  which  have  been  identified  in  these  tests.  The 
sketch  at  the  left  of  the  figure  indicates  the  well-known  tendency  of  certain  noncircular  fuselage  cross- 
sectional  shapes  to  produce  autorotatlve  moments  for  certain  values  of  Reynolds  number.  This  particular 
phenomenon  may  be  caused  by  the  cross-sectional  shape  of  either  the  forward  or  eft  fuselage,  and  configu- 
rations are  particularly  susceptible  to  this  condition  for  angles  of  attack  corresponding  to  the  flat 
spin  (a  = 90°).  The  second  sketch  of  Figure  11  illustrates  a prospin  flow  mechanism  found  to  exist  for  a 
current  fighter  configuration  with  drooped  horizontal  tails.  The  phenomenon  has  also  been  found  to  be 
most  pronounced  near  a - 90°,  but  deflection  of  the  horizontal  tail  as  an  all-movable  control  surface  has 
been  found  to  affect  spin  damping  for  angles  of  attack  from  a « 45°  to  about  a « 80°.  The  third  and 
fourth  sketches  1'iJustrate  prospln  flow  mechanisms  commonly  exhibited  by  airplane  configurations  with  long 
pointed  noses  for  angles  of  attack  between  30°  and  70°.  As  shown  by  the  third  sketch,  asymmetric  vortices 
shed  off  the  pointed  nose  create  prospln  yawing  moments,  even  for  zero  rotation  rate.  Finally,  the  fourth 
sketch  illustrates  that  long  pointed  noses  with  certain  elliptical  cross-sectional  shapes  produce  large 
prospln  moments  as  a result  of  a large  contribution  of  the  nose  to  static  directional  stability.  This 
particular  phenomenon  is  a three-dimensional  flow  mechanism  in  contrast  to  the  largely  two-dimensional 
mechanism  illustrated  by  the  sketch  at  the  left  of  the  figure.  The  magnitudes  of  the  moments  produced  by 
pointed  noses  are  affected  by  Reynolds  number;  however,  these  moments  have  occurred  at  the  highest  values 
of  Reynolds  number  tested  for  some  configurations. 

The  results  of  the  tests  have  also  Indicated  that  the  aerodynamic  moments  (particularly  yawing  and 
pitching  moments)  exhibited  by  current  military  configurations  during  spins  vary  nonlinear ly  with  spin 
rate.  For  example,  as  shown  in  Figure  12,  the  results  of  tests  (Ref.  3)  for  a current  configuration  with 
drooped  horizontal  tails  show  a markedly  nonlinear  variation  with  nondlmenslonal  spin  rate.  A detailed 
discussion  of  the  Importance  of  such  nonlinear  data  on  theoretical  studies  of  spins  is  beyond  the  scope 
of  this  paper;  however,  it  should  be  pointed  out  that  recent  studies  (Ref.  4,  e.g.)  have  shown  that  non- 
linear moments  have  a large  effect  on  calculated  spin  motions,  and  that  good  agreement  is  obtained  with 
dynamic  model  tests  for  smooth,  steady  spins  when  such  data  are  used  as  inputs  for  the  calculations.  On 
the  other  hand,  use  of  conventional  calculation  techniques  which  use  conventional  linearized  static  and 
dynamic  stability  derivatives  produce  completely  erroneous  results.  It  appears,  therefore,  that  rotary- 
balance  tests  are  mandatory  for  the  development  of  valid  mathematical  models  for  spin  analysis. 

It  will  be  appreciated  that  the  foregoing  discussion  has  been  concerned  with  smooth,  steady  spins. 
Experience  has  shown  that  many  modern  military  aircraft  exhibit  large-amplitude  oscillatory  spln3,  and 
more  sophisticated  vlnd-tunnel  test  techniques  are  required  to  measure  the  complex  aerodynamics  produced 
by  the  combined  rotary  and  oscillatory  motions. 

SIMUIATOR  STUDIES 

The  model  test  techniques  previously  discussed  have  several  critical  shortcomings.  For  example,  the 
Inputs  of  the  human  pilot  have  been  minimized  or  entirely  eliminated.  In  addition,  the  use  of  unpowered 
models  and  space  constraints  within  the  wind  tunnels  do  not  permit  an  evaluation  of  the  spin  susceptibil- 
ity of  airplanes  during  tyolcal  air  combat  maneuvers.  Finally,  the  effects  of  sophisticated  automatic 
control  systems  are  not  usually  evaluated  because  of  space  limitations  within  the  models.  In  order  t” 
provide  this  pertinent  information,  a piloted  simulation  test  technique  has  been  developed  as  a logical 
follow-on  to  the  model  tests. 

A sketch  of  the  hardware  used  in  this  technique  is  shown  in  Figure  13.  The  tests  are  conducted  using 
the  Langley  Differential  Maneuvering  Simulator  (DMS)  which  is  a fixed-base  simulator  with  the  capability 
of  simultaneously  simulating  two  airplanes  as  they  maneuver  with  respect  to  one  another,  including  a full. 
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wide-angle  visual  display  for  each  pilot.  Two  12.2-m  (40-£t)  diameter  projection  spheres  each  enclose  a 
cockpit,  an  airplane  image  projection  system,  and  a sky-Earth-Sun  projection  system.  A control  console 
located  between  the  spheres  is  used  for  interfacing  the  hardware  and  the  computer,  and  it  displays  criti- 
cal narameters  for  monitoring  the  hardware  operation.  Each  pilot  is  provided  a projected  image  of  his 
opuonenf's  airplane,  showing  the  relative  motions  and  range  of  the  two  airplanes  by  use  of  a television 
system  with  range  and  attitude  of  the  target  image  controlled  by  the  computer  program. 

A photograph  of  one  uf  the  cockpits  and  the  target  visual  display  during  a typical  engagement  is 
shown  ip  Figure  14.  A cockpit  and  instrument  display  representative  of  current  fighter  aircraft  equipment 
are  used  together  with  a fixed  guneight  for  tracking.  A sophisticated  hydraulic  control  feel  system  is 
used  which  cat  be  programed  to  simulate  a wide  range  of  characteristics.  Although  the  cockpits  are  not 
provided  />lt)  attitude  mot. on,  each  cockpit  does  Incorporate  a buffet  system  capable  of  providing  program- 
able  butt'ec  accelerations  as  high  as  1-g. 

The  visual  display  in  each  sphere  consists  of  a target  image  projected  onto  a sky-Earth-Sun  display. 
The  sky-Earth-Sun  scene  is  generated  by  two  point  light  sources  projecting  through  two  hemispherical 
transparencies,  one  transparency  of  blue  sky  and  clouds  and  the  other  of  terrain  features.  No  provision 
is  made  to  simulate  spatial  motions  with  respect  to  the  sky-Earth  scene  (such  as  altitude  variation), 
however,  a flashing  light  located  in  the  cockpit  behind  the  pilot  is  used  as  a cue  when  an  altitude  of 
less  than  1524  m (‘>000  ft)  is  reached.  The  target-image  generation  system  uses  an  airplane  model  mounted 
in  a four-axis  gimbal  system  and  a television  camera  with  a zoom  lens  to  provide  an  image  to  the  target 
projector  within  the  sphere.  The  system  can  provide  a simulated  range  between  airplanes  from  91.4  m 
(300  ft)  to  13,716  ra  (45,000  ft)  with  a 10-to-l  brightness  contrast  between  the  target  and  the  sky-Earth 
background  at  minimum  range. 

Additional  special  effects  features  of  the  DMS  hardware  include  simulation  of  tunnel  vision  and 
blackout  at  high  normal  accelerations,  use  of  an  inflatable  anti-g  garment  for  simulation  of  g-loads,  and 
use  of  sound  cues  to  simulate  wind,  engine,  and  weapons  noise  as  well  as  artificial  warning  systems. 
Additional  details  on  the  DMS  facility  are  given  in  Reference  5. 

The  application  of  the  simulator  to  the  stall/spin  area  is,  of  course,  dependent  on  the  development 
of  a valid  mathematical  model  of  the  airplane  under  consideration.  In  view  of  the  present  lack  of  under- 
standing of  aerodynamic  phenomena  at  spin  attitudes,  the  simulation  studies  are  currently  limited  to 
angles  of  attack  near  the  stall,  and  fully  developed  spins  are  not  simulated.  Rather,  the  studies  are 
directed  toward  an  evaluation  of  the  spin  susceptibility  or  stall/departure  characteristics  of  the  airplane 
during  typical  air  combat  maneuvers  and  the  effects  of  automatic  control  systems  on  these  characteristics. 

Recant  studies  using  the  simulation  technique  have  indicated  that  it  is  an  extremely  valuable  tool 
for  stall/spin  research.  Correlation  of  results  with  those  obtained  from  full-scale  flight  tests  for 
several  current  fighters  has  indicated  good  agreement,  particularly  with  regard  to  the  overall  spin  resist- 
ance of  the  configurations.  In  addition,  valuable  Insight  as  to  the  effects  of  various  automatic  spin 
prevention  concepts  has  been  obtained. 

It  is  hoped  that  current  research  will  ultimately  result  in  valid  theoretical  methods  for  stall/spin 
analysis,  which  In  turn  will  permit  an  extension  of  the  simulator  technique  to  studies  of  the  developed 
spin  and  spin  recovery.  A readily  apparent  application  of  such  a technique  would  be  the  development  of  a 
procedures  trainer  for  pilot  training.  This  application  is  deemed  especially  important,  inasmuch  as  cur- 
rent flight  restrictions  prohibit  intentional  spinning  of  most  fighter  aircraft,  thereby  depriving  the 
pilot  of  training  fot  an  emergency  which  may  well  be  difficult  to  overcome. 

CONCLUDING  REMARKS 

In  this  discussion  of  stall/spin  test  techniques  used  by  NASA,  an  effort  has  been  made  to  describe 
the  techniques  and  to  indicate  the  most  appropriate  uses  for  each  technique.  These  techniques  have  proven 
to  be  especially  valuable  tools,  and  a large  amount  of  significant  information  can  be  obtained  in  a 
relatively  safe,  cheap,  and  realistic  manner. 
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TABLE  I.  SCALE  FACTORS  FOR  DYNAMIC  MODELS 

[Model  values  are  obtained  by  multiplying  airplane  values  by  the  Following 
scale  factors  where  N is  the  mod el-to-air plane  scale  ratio,  a is  the  ratio 
of  air  density  to  that  at  sea  level  (p/p0) , and  v is  the  value  of  klnonatlc 
viscosity) 


Scale  factor 


Linear  dimension  . . . . 

Relative  density  (m/pi  ) 
2 

Froude  number  (V  /ig) 

Weight,  mass  

Moment  uf  inertia  . . . 
Linear  velocity  . . . . 


N 

1 


n3o-1 

n5o-1 

„l/2 


Linear  acceleration 


1 


-1/2 

Angular  velocity  N 


Figure  1.  Test  setup  for  wind-tunnel  free-flight  tests. 


Figure  2.  Phot  graph  of  drop  model  mounted  on  helicopter. 
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Figure  6.  Interior  view  of  the  spin  tunnel. 


Figure  7.  Sideslip  angle  generated  at  nose  of  airplane  during  right  spin. 


MODEl  TEST  RANGE  AIRPUNE  FLIGHT 


Figure  6.  Effect  of  Reynolds  number  on  yawing-moment  coefficient, 
a - 80',  8 - 10*. 


Figure  9.  Photograph  of  rotary-balance  apparatus  in  the  9.1-  by  18.2-m  (30-  by  60-ft) 

full-scale  tunnel  at  Langley. 


Figure  10.  Photograph  of  rotary-balance  apparatus  in  the  3.7-m  (12-fl)  pressure  tunnel  at  Ames 


^ ^ ft  ^ 


Figure  11.  Flow  mechanisms  which  produce  prospin  moments. 
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ACTION  SUR  LA  VRILLE,  PAR  MOMENT  "STATIOUE", 
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DE  FUSEES  ET  DE  CHARGEMENTS  DISSYMETRIOUES 

Inatltut  de  Mficanique  da?  Fluidea  de  Lille 
5,bd  Paul  Painlevfc,  59000  - Lille  (France) 


RESUME. - 


Le  present  document  trai  ce  de  rfesultats  d’6tudes  b caractfere  g6n6ral  qul  furent  faltes  A 
l'Institut  de  M6canique  des  Fluides  de  Lille  sur  diverses  maquettes  en  soufflerie  de  vrllle. 

Le  premier  sujet  aborde  concerne  1‘ action  de  fusses  utilises  en  tant  que  dispositif  de 
secours  pour  la  vrllle  j l’6tude  a,  Jusqu'icl,  6t6  limitfie  aux  avlons  lfigers  > cependant  certalnes 
conclusions  peuvent  etre  valables,  du  moins  qualitativement,  pour  d’autres  types  d'avions,  avlons 
d'armes  en  particulier. 

Le  second  sujet  concsrne  l’influence  d'une  dissymStrie  de  chargement  sur  la  vrllle  d’avions 
de  tous  types  s armes,  16gers,  transpo. t.  La  dissymStrie  consid6r6e  est  une  dissymfetrie  purement 
masslqua  telle  que  cells  qul  peut  etre  cr66e  par  le  carburant  dans  la  voilure.  Cependant,  pour  les 
avlons  d’armes  une  dissym6trie,  caus6e  cette  fcis-ci  par  des  charges  extSrieures  (done  dissym6trie 
b la  fols  massique  et  gflom^trique),  est  6galement  prise  en  consideration. 


1.1  - Introduction. 


1 - FUSEES  ANTI-VRILLE 


Le  but  de  l'6tude  6tait  de  rechercher  s'il  6tait  envisageable  d’util*ser  un  dispositif 
fus6e  susceptible  d'etre  install^  rapidement  sur  tout  avion  16ger  pour  sa  rampagne  d’esaais  de 
vrllle.  Pour  §tre  acceptable  la  fus6e  ne  devait  pas  avoir  de  caractGristiques  prohioitives  (notamment 
une  poussfie  trop  importante). 


Au  cours  de  l’6tude  sur  maquettes,  diverses  orientations  furent  donnfees  b la  fus6e  afin  de 
dfiflnir  le  sens  d'action  optimal  l de  l’ensemble  des  rdsultats,  nous  ne  retiendrons  ici  que  les 
principaux,  S styoir  ceux  qui  furent  obtenus  avec  une  fus6e  agissant  successivement  en  pur  tangage, 
en  pur  roulis  puis  en  pur  lacet. 


Outre  la  valeur  intrinsSque  des  r^sultats, 
l'fetude  a permis  aussl  de  tirer  des  enseignements 
concernant  le  type  de  modifications  qu'il  auralt 
lieu  d'apporter  b un  avion  lfjger  ayant  une  vrille 
critique. 

1.2  - Maquettes  utilisfies. 

Deux  mequef'es  furent  retenues  pour  l'Gtude 
des  fusses  ; cumme  le  mentre  la  figure  1 leurs  carac- 
t6rl3tiquos.  tant  g6om6triques  que  massiques,  sont 
assez  diff6rentes.  Les  maquettes  ont.  6t6  volontalre- 
ment  modifies  dans  le  but  d'obtenir  diff^rents 
types  de  vrille.  entre  autres  la  vrllle  plate  et 
raplde  dont  il  n’est  pas  besoln  de  rappeler  les 
prooiemes  que  cette  vriiie  souieve  (ceia  ne  signifie 
pas  pour  ajtant  que  toute  vrille  non  plate  est  euto- 
matiquement  sans  probifemes). 

Lc  principe  du  moteur  fusfee  utillsfe  est  le 
sulvant  : un  allumeur  assure  1 ' inf lammation  d'un  pain 
de  poudre,  lequel  condltlonne,  suivant  ses  caractferis- 
tlques  chlmlques  et  gfeon.fetriques.  la  poussfee  et  lo 
durfee  de  fonctionnement  de  la  fusfee  i les  gaz  femls 
par  la  combustion  du  pain  de  poudre  parcourent  un  tube 
Jusqu'fe  l'endrolt  ou  on  dfesire  appliquer  la  poussfee 
(la  figure  2 precise  ces  endroits).  Cette  solution 
permet  de  placer  le  bloc-moteur  prfes  du  centre 
d'inertle  de  la  maquette,  ce  qui  rend  possible  1'fequi- 
Iibrage  de  cette  dernifere. 

Un  dispositif  de  radio-tfelfecommande  est 
lnstallfe  dans  la  maquette  i 11  permet  slmultanfemont 
la  mlse  h feu  de  la  fusfee  et  une  modification  de 
braquage  des  gouvemes  (modification  par  tout  ou  rien 
et  de  fapon  prfedfetermlnfeei . 


Fig.  1 - MAQUETTES  UTILISEES  (CARACTERISTIQUES 
DONNEES  EN  VALEUR  AVION) 


Fig.  2 - POSIT IONNEMENT  DES  FUSEES 


6.1m 


14-2 


1.3  - Conditions  d'easais. 


L'effet  de  la  fus§e  a 6t6  racherchfi  b rartlr  de  diff6rents  types  de  vrllle,  mals  plus  particu- 
116rement  b partir  de  la  vrllle  plate  et  raplde  (Fuselage  presque  horizontal  - molns  de  2 sacondes/tour 
b l'6chelle  avion).  D'ailleurs  les  rfisuitats  q1  1 sont  pr6sent6?  lcl  sont  aurtout  ceux  qul  furent  obtenua 
avec  ce  type  de  vrllle. 

Lora  de  la  mlse  £ feu  de  la  fus6e,  lea  gouvernes  etaient  solt  lalss^es  pro-vrllle.  solt  recen- 
tr6ss  i gouvernes  laiss6es  pro-vrille  ost,  blen  entendu.  un  cas  non  r6aliste  mals  qul  presente  l'avantage 

de  tr£s  blen  mettre  en  evidence  l'effet  du  dlsposltlf.  Gouvernes  recentrees.  pour  les  deux  maquettes  la 

vrllle  se  malntenalt  ou  presque,  sans  fus6e. 

Les  caract^ristiques  des  fu  ss  qul  furent  essay£es  sont  tr&s  variables  et  compri3S3  entre  les 
valeura  extr6males  sulvantes  (b  l'Schelle  avion)  : 

- poussge  de  8100  newtons  aglssant  pendant  environ  2 secondes 

- pouss6e  de  200  newtons  aglssant  pendant  environ  6 secondes. 

Ces  poussdss  reprfisentent  respectlvement  80  \ b 100  \ Uelon  1 'avion)  et  2 k £ 3 i du  polds  de 
l'avion,  solt  pour  la  premiere,  une  valeur  nettement  prohibitive  et  non  envisageable  pour  l'avion  et  pour 
la  seconde  une  pouss6e  tr£s  faible. 

Dans  les  r6sultats  qul  vont  §tre  prSsentSs,  11  a paru  souhaltable  de  donner  la  poussge  de  la 

fusee  rapportSe  au  polds  de  l'avion  et  non  pas  son  module  nl  le  moment  qu'elle  cr6e  i notons  aussl  que  les 

rgsultats  donnfis  sont  ceux  qul  seraient  obtenus  avec  le  bras  de  levler  le  plus  grand  possible  pour  l'avion 
solt  : 

- pour  la  fus6e  roulls  : fusee  plac6e  en  axtremite  d'elle 

- pour  les  fusses  tangage  et  lacet  • fusee  plac6e  b 1 'extreme  arrifcre  du  fuselage. 


1.4  - R6sultats. 


1.4.1  - ruses  tangage. 

II  est  Evident  qu'une  fusee  aglssant  en  tangage  est  la 
solution  la  plus  s6duisante  puisque  son  action  est  indfipendante 
du  sens  de  rotation  de  la  vrllle.  Sur  l'avion  une  seule  fusee 
seralt  b installer. 

Malheureusement.  une  fusfie  tangage  est  peu  efficace  du 
molns  si  on  reste  dans  les  limites  raisonnables  de  pouss6e.  En 
effet,  en  recentrant  les  gouvernes,  une  recuperation  n’nst 
possible  avec  une  fus6e  tangage  que  si  sa  poussfie  est  3up6rleurn 
b 30  % du  polds  de  l'avion  et  si  elle  aglt,  pendant  4 secondes 
ou  plus.  Une  pouss6e  6gale  b 00  t du  polds  de  l'avion  et  aglssant 
pendant  2 secondes  conduit  b un  r6sultat  identique.  De  telles 
pousa6es  ne  sont  pas  envlsageables  pour  1 'avion  ne  serait-ce  que 
par  les  probldmes  de  resistance  de  structure  que  cecte  fus§e 
poserait. 

. 4 . 2 - Fus6e  roulls. 


Nous  avons  d'abord  recherche  s'il  etait  possible  de  H 3 . AGISSANT  EN  TANGAGE 

sortlr  de  vrllle  avec  une  fusee  roulls  quel  que  soit  son  sens 
d'actlon,  c'eat-£-dlrs  faisant  baisser  ou  relever  telle  aile. 

Ce  rSsultat  a Du  etre  obtenu,  mals  11  faut  prdclser  qu'une 

fusee  faisant  ittib'ver  iaiie  exterieure  lane  qul  avance  pendant  la  vrllle)  est  plus  efficace  que  la  meme 
fus6e  mals  faisant  baisser  la  meme  aile,  et  cela  dans  le  rapport  3/1. 


Si  on  prend  le  sens  d'actlon  le  plus  favorable  (done  fus6e  faisant 
une  fus6e  roulls  de  l'ord.-e  de  10  % du  polds  de  l’avion  et  aglssant  pendant 
sortie  en  environ  3 tours  meme  gouvernes  maintenues  pro-vrllle  i 
b Impulsion  identique  ou  presque,  la  sortie  est  mellleure  (plus 
raplde)  si  la  peussee  est  doublee.  Pour  fixer  les  ld6es,  oisons 
que  la  pouss4e  d'une  fus6e  roulls  appliduf’e  en  e-trerite  d'alle 
doit  etre  de  l'ordre  de  "S  \ du  polds  de  l’avion  peur  etre 
suf f isammert  efficace  (voir  figure  4). 


relever  I’aiie  exterieure) 
3 6 secondes  provodue  la 


Lorsqu'il  y a recuperation  par  fusee  falsa-t  relever 
1'alle  exttrleur6,  cettn  recuperation  est  pure  : taouulement 
transversal  moder6  pendant  le  freloage  et  -ouvere"t  pidue^r 
amenant  l'avion  b une  attitude  verlicaie  i csla  "'est  p , ie 
cas  lersque  la  fusee  agl?  Jans  le  tens  oppose  (aile  exterieure 
abalssee)  i en  effet,  1'arret  Je  .a  vrllle  s'opere  avec  un  bascu- 
iement  transversal  parfq.s  suff isamment  ample  Pour  a-iener  un 
passage  s„r  le  dos  : Ilya  effectivem.ent  recuperation  mals 
aores  des  mouvont "Is  re u classiques  pour  „n  avlJr  legur.  suscep- 


Idles 


re  de»orlanter  le  pilule.  Notons  enfl-  que,  en  ce 


concerne  la  fusee  faisant  baisser  1'alle  exterieure.  s!  sa 
pousse®  est  trap  ‘alble  elle  peut  aplatlr  la  .rllle  :e  fay'- 
passagdre,  c 1 est -iVrtiro  app:  ox lmat  ivemen'  penja’-!  le  temps 
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sa  durfie  be  fonctionnement.  La  fusfia  peut  done  avoir,  selon  sas  caractfirlstlques,  un  effet  pro-vrilie 
(poussfie  faibla)  ou  un  effat  anti-vrilla  (poussfie  forte). 

1.4,3  ' Fusfie  lacet. 

Un  rfisultat  dfiJ4  trfis  intfiressant  est  obtenu  avec  une 
trfis  faibia  poussfie  (2  ) du  polds  da  l'avlon)  agissant  pendant  7 
secondos  at  gouvernes  recentrfies  t dana  ce  cas  une  sortie  est 
obtanua  an  5 4 6 tours  i covte  sortie  est,  bien  entendu,  encore  tr 
longue,  mais  nfianmoins  deux  fols  moins  longue  que  celle  obtenue 
avec  gouvernes  recentrfies  et  sans  fusfie. 

Une  poussfie  de  l'ordro  de  5 \ du  poids  de  l'avion  et 
agissant  pendant  446  secondes  amfine  une  sortie  de  2 4 3 tours 
4 partlr  d'une  vrille  plate  et  rapide.  Compce  tenu  du  caractfire 
de  la  vrillo  4 partir  de  laquelle  la  manoeuvre  est  faite,  une 
sortie  en  2 4 3 tour9  peut  etre  considfirfie  comma  fitant  un  rfisultat 
satisfaisant, 

Une  fusfie  lacet  est  done  trfis  efficace  i un  autre 
rfisultat  caractfirise  tr6s  bien  cette  efficacitfi  i il  s'agit 
d'une  sortie  rapide  (142  tours)  obtenue  avec  une  fusfie  de  12  H 
agissant  pendant  4 secondes,  les  gouvernes  ayant  fitfi  lalssfies 
pro-vrllle.  Dans  ce  cas  1' effet  des  gouvernes  deviant  secondaire 
en  regard  de  celui  de  la  fusfie. 

1.5  - Efficacltfi  relative  des  fusfies. 

Les  quelques  rfisultats  qui  viennent  d'Stre  prfisentfis,  montrent  nettement  que  si  l'on  classe  les 
fusfies  selon  leur  efficacitfi,  on  obtiant  l'ordre  suivant  : 

- fusfie  tangage  (la  moins  efficace) 

- fusfie  roulis 

- fusfie  lacet 

De  l'ensemble  des  rfisultats  de  l'fitude,  en  falsant  intervenlr  les  paramfitres  sulvants  : 

- module  do  la  poussfie  ) 

- durfie  de  fonctionnement  ) ue  rusfie 

- bras  de  levier  ) 

- durfie  de  sortie 

nous  avons  pu  dfifinir  un  rapport  opproximatif  d' efficacitfi  entre  les  fusfies  i cb  rapport  est 

- environ  15  entre  les  fu3fies  Incet  et  tangage 

- environ  6 entre  les  fusfies  lacst  et  roulis  (dans  le  ens  le  plu3  favorable  pour 

cette  dernlfire.  c'est-4-bire  celui  cu  la  fusfie  tend  4 relever  l'aile  extfiriaure). 

1.6  - Remarques  relatives  4 l'arrfit  de  la  vrille. 


Nous  prenons  ici  en  considfiration  certaines  difficultfis  qui  pourraient  survenir  lors  d’un 
arrfit  de  vrille  conaficutif  4 1’ act ion  d'uno  fusfiB.  Nous  nous  limitons  ou  cas  de  la  fusfio  la  plus 
efficace,  c'est-4-dlre  celle  agissant  en  lacet. 

II  est  fivident  que  «1  le  rllspnsttlf  fitait  adootfi  Dour  las  ovions,  i)  seratt  tr&s  souhaltable 
que  la  durfie  de  fonctionnement  de  la  fusfie  soit  contrfiloble  > cette  durfie  serait  en  effet  4 ajuster 
selon  certains  paramfitres,  entre  autres  la  position  de  la  fusfie  (bras  de  levier)  et  le  type  an  vrille  4 
valncre  (qui  peut  ne  pas  fitre  systfimatlquement  plate  et  rapide,  comme  ce  fut  souvent  le  cas  dens  nos 

essals) . 


Lmg 


Fig.  S - FUSEE  AGISSANT  EN  LACET 


Examlnons  ici  le  cas  d'jne  fusfie  de  caractfirlstlques  bien  dfiflnles  et  non  modlflables  (telle 
qu'une  fusfie  4 poudre).  II  peut  alors  arriver  que  l'efficacltfi  de  la  fusfie  soit  trop  forte  an  ce  sens 
que  la  vrille  soit  stoppfie  avant  que  la  fusfie  n'alt  r.ossfi  de  fonctionner  > dans  ce  cas  sous  1 'action 
de  la  fusfie  on  peut  cralndre  un  dfipart  en  vrille  de  sens  inverse  ou,  oans  le  cas  d'un  passage  dos,  on 
b.'oart  en  vrille  dos.  Nous  pouvons  apporter  des  enseignements  4 ce  sujet  par  l'exemple  suivant  : 

A 1'I.N.F.L.  nous  avons  dfiJA  utilisfi  les  rfisultats  relatjfs  aux  fusfie9  pour  1 ’ implantation 
d'un  tel  dispositit  sur  un  avion  dfitermlnfi.  La  fusfie  envisagfie  pour  cet  avion  fitait  4 poudre.  Etudifie 
sur  la  maquette  de  cet  avion,  la  fusfie  s'est  avfirfie  nettement  trop  efficace  ol  elle  fitait  placfie  en 
bout  da  fuselage  (et  agissant  en  lacet  bien  entendu)  i en  effet,  gouvernes  maintenues  4 fond  pro- 
v:  tile,  la  fusfie  amonalt  une  sortie  trfis  rapide  (^  1 tour)  suivie  d’un  non  moins  rapide  dfipart  en 
vrille  inverse  i remarquons  que  les  gouvernes  fitant  lnchangfies,  celles-cl  fitaient  alors  4 fond  antl- 
vrille  an  ce  qui  concerne  la  vrille  inverse,  ce  qui  n'empfichait  pas  cette  dernlfire  de  s'fitabllr.  Ne 
pouvant  modifier  les  caractfirlstlques  de  la  fusfie,  nous  avons  rfiduit  sin  efficacitfi  en  dlmlnusnt  son 
bras  de  levier  t nous  avons  alnsi  trouvfi  une  position  opti  ale  do  la  fusfie  telle  quo  1’efflcacite  de 
celle-ci  soit  suffisante  pour  stopper  la  vrille  et  insuffisante  pour  lancer  une  vrille  inverse. 
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PrScisons  que  cette  fusfie  agissait  pendant  4 secondes  et  avalt  une  pousafie  6gale  b 20  \ du 
polds  de  1' avian  > le  rSsultat  obtenu  avec  cette  fusSe  6tai‘  en  accord  avec  ceux  de  l'Stude  gfinfirale  i 
en  particulier  sa  trop  forte  afficacit6  lorsqu'elle  §tait  placSe  en  bout  de  fuselage,  ne  nous  a pas 
surpris. 


Cet  example  montre  nettement  que  si.  qualitativement.  les  conclusions  tirSes  de  l'Stuoo  g6n§rale 
relative  aux  fusses  sont  valables  puur  tout  uvlon  16ger,  dSs  1' instant  oO  une  certaine  fua§e  est 
envisages  pour  un  avion,  la  s6curit6  impose  que  le  dispositif  soit  prfiulablement  §tudi6  sur  maquette  en 
soufflorie  verticale,  surtout  lorsque  la  dur6e  de  fonctionnement  de  la  fuoSe  n'est  pas  contrfilable. 


1.7  - Enselgnements  pour  modifications  gSomitriques. 

Le  present  paragraphe  concerns  ies  enselgnements  qul  ont  pu  Itre  tir6s  de  l'6tude  des  fus6es, 
enselgnements  relatifs  au  type  de  modifications  qu'il  aurait  li.iu  d'apporter  b certains  avlons  prfisentant 
une  vrille  critique,  vrllle  plate  et  rapide  en  particulier. 


Lorsqu'en  sotfflerie  on  passe  b 
l'Stude  de  modifications  g6om6triques  suscep- 
tlblos  d'om611orer  la  vrille  d’un  avion  16ger, 
en  g6n6ral  les  modifications  envlsageablss  pour 
1' avion  se  .localisent  b l'arri&re  i ce  peut  Itre 
d titre  d' examples  : 

- un  agrandissement  de  la  dSrive  (modification 
1 dans  la  figure  B) 

- une  qullle  (2  dans  la  figure  6) 

- un  agrandissement  des  empennages  horizontaux 
(3  dans  la  figure  6). 

(Le  cas  du  parachute  qul,  d'allleurs,  n'est  pas 
une  modification,  sera  trait6  plus  loin). 

Si  on  situs  ces  modifications  par 
rapport  A des  fus6es,  on  peut  conslddrur  que 
l'effet  des  modifications  1 et  2 est  du  mama 
type  que  celui  d'une  fusSe  lacet,  c'est-S-dire 
effet  de  freinage. 


L'effet  d’un  agrandissement  des 
empennages  horizontaux,  par  contre,  est  compa- 
rable d celui  d'une  fus6e  agissant  en  tangage, 
c'est-A-dire  accroissement  du  moment  de  tangage 
afirodynamique  piqueur. 


Fig.  6 - MODIFICATIONS  ET  DISPOSITIF 


En  no  tenant  compte  que  de  l'effet  propre  de  la  modification  (c’est-A-Jire  en  ercluant  touts 
6ventuelle  interaction  de  cette  modification  sur  un  autre  616ment  de  1 ' avion),  dtant  donnfe  le  rappcrt 
d'efficacit6  qui  exists  entre  les  fusfies  tangage  et  lacet,  il  est  Evident  qu’un  agrandissement  de  la 
derive  ou  1 ' Implantation  d'une  quille  est,  de  beaucoup,  pr§f6rable  b une  augmentation  Je  surface 
des  empennages  horizontaux. 


Oans  la  remorque  ci-oessus  nous  avons  exclu  une  Sventuelle  interaction  de  tolls  modification 
sur  un  autre  616ment  de  1 'avion  i en  prOcisant  cela  nous  pensions  plus  spScialement  a un  effet  nulslble 
d'une  augmentation  do  la  surface  des  empennages  horizontaux  par  augmentation  de  la  corde.  En  effet  pour 
certaines  positions  relatives  de  la  derive  et  des  empennages  horizontaux  il  peut  arriver  que  des 


empennages  nuiizunuaux  n peuu  arriver  quo  aes 
ji  IjI  5™it  pcrdrc  Pc  i 'cff icscit6  vis*— “vis  ds 

no  Hr,  1a  m ...4  „ nn..f  Hn 


on.yjor.riagaS  piuS  jgi  6i *uo  innSpuant  plu5 

l'.jmortissement  de  lacet.  A la  limits,  l'effet  propre  de  la  modification  ujI  est  favorable,  peut  devenir 
secondaire  en  regard  de  son  effet  nuisible  sur  la  derive.  Le  rSsultat  est  alors  que  la  vrille  avec 
modification  e3t  plus  s6v£re  iplus  rapide  done  plus  plate)  que  cells  trouv6e  avec  la  g§om6trie  d’origine. 


En  ce  qui  concerns  un  agrandissement  de  la  surface  de  la  derive,  il  est  nScessaire  que  cet 
agrandissement  se  situs  en  heut  de  la  derive,  c'est-4-dire  b un  endroit  ou  la  modification  a le  plus  de 
chances  d'6tre  en  dehors  du  tillage  du  fuselage  et/ou  des  empennages.  Er  fait  b Surface  identique  une 
quille  (parce  que  jamais  interact lonn4e  par  un  autre  61§ment)  est  souvent  plus  efficace  qu'un  agrandis- 
sement de  la  d6nve. 


0an3  la  figure  6 nous  avens  fegalement  represents  un  parachute  i on  peut  traiter  son  cas  en 
considfirant,  qu’A  priori,  son  action  est  du  meme  type  Quu  celui  d'une  fus6e  agissant  en  tangage.  Q'aprfes 
les  r6sultats  de  fusfie  pour  Qu'un  parachute  ait  une  action,  ses  dimensions  devraient  Stre  tr6s  grandes, 
d'ou  Sventuels  probifemes  de  resistance  de  structure  pour  la  flxotlor.  du  cable  b 1 'avion.  Mats  une 
remarque  lmnortante  est  b falre  au  sujet  de  l'attitude  du  parachute  pendant  la  vrille  i comme  le  montre 
la  figure  7 le  cSble  est  lfegerement  incllnfe  par  rapport  au  plan  de  symfetrie  ce  qui  erfee  une  lfegfere 
composante  de  lacet  i en  nous  oasant  sur  te  rappoi  \ u'eff  iuacii.e  u«s  fusees  lor, gage  et  locot,  pour  le 
parachute,  la  composante  do  lacet,  bier  que  trfes  petite  en  regard  de  celle  de  tangage,  peut  Stre 
aussi  efficace,  sinon  plus,  que  cette  dernlfere. 
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Alnsl,  pour  ce  qui  concerns  le  parachute,  son  action  n'eat  que 
partiellement  Id  ou  l'on  penseralt  4 priori  qu'elle  solt  essentiellemcnt , 
c'est-4-dire  dans  le  tangage. 

Ces  remarquas  dlverses  concernant  les  modifications  et  le 
parachute  sont  surtou*  valables  pour  certains  typeB  de  vrille  critique  : 
vrllls  calme  d vitesse  de  lacet  prdponddrante.  C'est  souvont  le  cas  das 
vrilles  critiques  d’avlons  ldgers.  Si  on  envisage  d'autres  types  de  vrille 
incontrdlables  (mals  qui,  gdndralemant,  n’existent  pas  pour  les  avion3 
lagers)  tela  que  phdnomdnes  trds  agitds  ou  probldmes  de  deep-stall,  les 
conclusions  prdcddentes  n'ont  pas  de  valeur.  En  particulier  pour  le  deep- 
stall,  caractdrlsd  par  un  maintlen  d incidence  ddcrochde  mSme  en  1' absence 
de  touts  rotation  de  vrille,  11  est  Evident  que  le  choix  uu  dlsposltlf 
de  secours  dolt  se  porter  sur  le  parachute  ou  sur  une  fusde  tangage  et 
leurs  caractdristiques  (dimensions  de  la  coupole  pour  le  parachute  et 
module  de  la  poussde  pour  la  fus4s)  ddpendront  de  1* importance  du  probldme. 
Quant  aux  phdnomdnes  trds  agitds  (qui  concernent  surtout  les  avions 
d'armes)  1 'utilisation  d'une  fusde  parait  ddlicate  i mdme  le  choix  du  sens 
d'action  de  la  fusde  n'eat  pas  ivldent. 


1.8  - Conclusion. 


Des  rdsultats  obtenus  lors  de  l’dtude  de  fusdes  sur  maquettes 
d’avions  ldgers,  nous  pouvons  conclure  qu'un  tel  dispositif  est  trds 
envisageable  comma  moyen  de  secours  contre  la  vrille.  Les  caractdristlques 
(pousade,  durde  et  done  Impulsion)  sont  trds  acceptables  et  telles  qu'elles 
ne  devralent  pas  prdsenter  de  difflcultds  d’ implantation  du  dispositif  sur 
1 'avion,  dtant  bien  entendu  que  la  fusde  dolt  aglr  en  lacet. 

Une  fusde  de  durde  contrClable  est  trds  souhaltable  i une  fusde  de  durde  non  contrSlable 
peut  aussi  Stre  enviaagde  mais  elle  Impose  de  s'entourer  de  prdcautlons  j en  particulier,  avant  son 
utilisation  sur  un  avion  ddtermlnd,  elle  davralt  fairs  l’objet  d'une  dtude  en  soufflerle  sur  la 
maquette  de  cet  avion. 

Dans  un  ordre  d'iddes  plus  gdndral,  certaines  conclusions  du  prdser.t  document  peuvent  6tre 
valables,  du  molns  qualltativement , pour  d'autres  types  d’avions,  avions  d'armss  par  exemple,  pour 
autant  tout.efois  que  la  vrille  critique  soit  une  vrille  exempts  d’agi^ations  : vrille  plate  et 
rapide  par  exemple. Pour  ces  avions  nous  pensons  que  la  fu3de  agissant  en  lacet  est  encore  la  solution 
la  mellleure.  En  effet  : 

- sur  des  avions  d'armes  on  a pu  interc'ire  une  vrille  plate  et  rapide  grSce  d une  qullle 
verticaie  (dont  l'action  est  du  mems  type  que  celui  d'une  fusde  lacet) 

- la  gdomdtne  des  avions  d’armeu  actuals  est  telle  qu'une  fusde  lacet  peut  avoir  un  bras 
de  levier  plus  grand  qu'une  fusde  roulis  > cela  est  un  argument  suppldmentalre  qui 
intei vient  en  faveur  da  la  fusde  lacet. 

II  est  toutefols  dvldent  que  ces  hypothdses  se  devralent  d'Stre  vdrifido!  par  des  essals 
sur  maquettes  en  soufflerle.  Ces  essals  amdneralen:  de  plus  des  conclusions  quantltetlves. 


Fig.  7 - ATTITUDE 
DV  PARACHUTE  EH  COURS  DE  VRILLE 


2 - INFLUENCE  D’UNE  DISSYMETkIE  DE  CKARGENENT  SUR  LA  VRILLE 


2.1  - Introduction. 

Au  cours  d'une  dtude  de  vrille  falte  en  soufflerle  verticals  pour  un  avion  ddtermlnd,  11  est 
d'usage  de  recherchor  l'effet  des  divers  peramdtres  gdomdtriques  et  massiques  afin  do  couvrir  au  mieux 
tous  les  cas  de  1 'avion  i cependant,  en  ce  qui  concerns  la  position  du  centre  d* inertia,  pendant 
longtemps  seules  furent  prises  en  conslddration  sa  position  longitudinals  et,  4 un  degrd  moin-lre,  sa 
position  en  heuteur, 

A 1'I.tt.F.L.  une  dtude  4 caractdre  gdndral  fut  entreprlse  afin  do  ddflnlr  1‘influence  sur 
la  vrille,  de  la  position  latdrole  du  centre  d'lnertle  i l'dtude  a surtout  portd  sur  un  ddplacement 
du  centre  d'lnertle  causd,  par  exemple,  par  du  carburant  dsns  la  voilure.  II  s'agit  done  d'une 
dlssymdtrle  de  chargement  purement  massiqua.  Cependant,  pour  las  avions  d'armes,  il  est  dgalement 
tenu  compte  de  l'effet  d’un  ddentrage  latdral  causd,  cette  fols-ci.  per  des  charges  extdrieures,  done 
dlssymdtrle  4 la  fols  masslque  et  gdomdtriqje.  ua  prdsent  document  oonne  les  princlpaux  rdsultats  de 
cette  dtude. 


2.2  - Conditions  d'essais. 


Environ  25  maquettes  d'avions  de  tecs  types 
(armes,  16gers,  transport)  furent  retenues. 

Les  dficentrages  latfiraux  que  nous  avons  reprfi- 
sent£s  stir  ces  maquettes  sont  souvent  compris  entre 

- 4 % et  12  % si  on  les  rapports  4 la  cords 
moyenne  afirodynamique 

- 1 1 et  2 1 si  on  les  rapports  4 l'envergure 
(voir  figure  8).  (Quelques  dScentrages  6taient  supS- 
rleurs  ou  inf6rieurs  4 css  valeurs). 

Comma  Is  montre  la  figure  8 lss  dissym6tries 
repr§sent6es  sur  les  maquettes  sont,  du  molns  pour 
csrtaines  d'entr'elles,  inffirieures  4 la  disaymStrie 
maximale  envlsageable  sur  1* avion. 

L’gtude  a 6t6  limitSb  4 la  vrille  ventre  i 
pour  la  majority  des  maquettes  rssaySes,  des  essais 
ont  6t6  faits  avec  le  centre  d’ inertia  placfi  succes- 
s lv ament  : 


Ay«  0,03b  I 


avc  IMKV» 

e*HKr«nt 


AVIONS  D’ARMES 


AVION  IE6ER 


Fig.  8 - DISSYMETRIES  ESSAYEES  ET  EXEMPLES  DE 
DISSYMETRIES  ENVISAGEABLES  SUR 
CERTAINS  AVIONS. 


- du  cot6  de  l'aile  extSrieure  (alle  qui  avance  pendant  la  vrille) 

- dans  le  plan  de  symStrie 

- du  cot6  de  l'aile  intfirieure. 


2.3  - ROsultats. 


2.3.1  - Aspect  g§n§ral. 

Dans  les  limites  de  ce  qui  fut  StudiO,  I'effet  d’une  dissy- 
mOtrie  masslque  est  trfis  variable  : da  nul  4 impoi  tsnt  salon  certairses 
conditions  d'essais  j il  faut  cepandant  prOciser  que  lorsque  I’effet 
n’est  pas  nul,  iu  est  presque  toujours  de  meme  sens  pour  toutes  les 
maquettes  essayOes  j seuls  Ochappent  4 catte  remarque  deux  cas  pour 
lesquels  11  y a inversion  du  sens  d' action  i cette  inversion  trouve 
son  explication  dans  les  agitations  comma  nou3  le  verrons  plus  loin. 

Comme  il  est  indiqu6  dans  la  figure  9 il  y a effet  : 

- pro-vrille  qu~nd  le  centre  d'inertie  est  p!ac§  vers  l'aile 
extfirieure 

- anti-vrille,  centre  d'inertie  vers  l'aile  intfirieure. 

L' effet  du  d6centrage  lateral  s«  manifests  de  diverses 

faqons  : 

- sur  I'Otendue  du  domains  des  gouvernes  ou  la  vrilie  se 
malntient  (et  par  \ole  de  consequence  s ,r  le9  possibility 
de  recuperation) 

- sur  certainos  caracter) stioues  de  la  vrille  : attitudes 
longitudinals  et  transversale  et  vitssse  de  rotation, ainsi 
que  sur  les  agitations. 


J 


EFFET  PROVRULE 
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4— 


EFFET  AN! I VRIULE 


Fig.  * - EFFET  D'UNE  DISSYMETRIE 
DE  CKARGEMENT 


Ces  difffirents  points  snnt  reuns  en 
detail  dans  les  prochalns  paragraphs. 

2.3.2  - Effet  sur  le  i jmaine  des  vrilles. 


Salon  la  figure  10,  l'action  d'une 
dlssymetrie  de  chargr^sot  est  : 


- nulls  dans  ~ 20  t ) 

- faible  dans  “ 25  \ ) 

- mod§r6e  dans  r 35  t ) 

- impnrtante  da.i3  * 20  %) 


des  cas  Studies 


L' influence  de  la  dissymetrlo 
mast^que  est  done  variable  i cela  depend 
en  yartle  du  decentrage  qui  n'est  pas  le 
mfime  pour  tuutes  les  maquettes,  mals  aussi 
et  3urtout,  d'autres  oarametres  tel  que  le 
type  de  l'avlon  (16gor,  armes,  transport)  i 
des  precisions  seront  donn6es  ulterieurement 
4 ce  sujet. 


I 
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Mod  ere 

y- 

UJ 

U- 

i 

FoiW* 

Nul 

LJ 

a 

Fofcle 

j 

Mod*r« 

I 

Imporlanf 

La  planche  10  montre  que,  par  rapport 
au  cas  chargement  symetrlqun,  le  domains  des 


rig.  10  - EFFET  SUR  LE  DOHA  IKE  DES  VRILLES 
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gouvernes  A 1'intArieur  duquel  la  vrllle  se  malntlent  eat  plus  grand  quand  le  centre  d* Inert- e est  vers 
l'alle  extfirleure  j l'lnverse  est  constate  pour  le  centre  d'lnertle  plac6  du  cotA  de  l'elle  intArieure. 


A tltre  d’exemple,  pour  une  maquette 
dont  l'effet  s' est  avArA  important,  cet  effet 
peut  se  caractAriser  de  la  faqon  suivante  (voir 
figure  11)  : 

- en  chargement  symAtrique  la  vrille 
se  perpAtue  dans  la  moltiA  du  domaine  des 
gouvernes, 

- avec  le  centre  d'inertie  dAplacA 
vers  l'alle  extArieure,  la  vrllle  se  perpAtue, 
ou  se  malntlent  longtemps,  dans  la  presque 
totality  du  domaine  des  gouvernes  j les  sorties 
deviennent  done  trAs  dlfflciles 

- cent. e d'inertie  vers  l’alle  intA- 
rleure,  11  n'y  a presque  plus  de  vrllles 
maintenues. 


Vnll. 


Pour  certains  avions,  et  e'est  la 
notre  premiers  conclusion,  la  position  latArale 
du  centre  d'inertie  se  place  parmi  les  para- 
mAtres  qul  influencent  le  plus  la  vrllle  > b la 
limite  il  peut  etre  le  plus  influent  A un  point 
tel  quo,  par  exemple,  l'effet  des  gouvernes 

devient  secondalre.  Eu  tout  Atat  de  cause,  pour  certains  avions,  tel  dAplacement  en  lateral  du  centre 
d'inertie  a nettement  plus  d'lnfluence  que  le  mAme  dAplacement  mais  en  longitudinal. 


Fig.  11  - EXEMPLE  D'UN  EFFET  IMPORT  AMT 


2.3.3  - Effet  sur  certulnes  caractAri3- 
tiques  de  la  vrllle. 


Etudlons  maintenant  l'effet  d'un 
dAcentrage  latAral  sur  certalnes  caractAris- 
tiques  de  la  vrllle  i nous  •.  xcluons  pour 
1 ' Instant  l'effet  sur  les  agitations. 

On  peut  envisager  que.  i.iitlalement 
un  chargement  oissyrAtrique  affecte  les 
attitudes  cransversales  i cela  est  vral,  mais 
de  faqon  modArAe,  pulsque  dans  nos  essals, 
les  variations  d'aseiette  transversals  ont 
rarement  dApassA  10°  Dien  que  certains 
dAcantrages  qui  furent  represent es,  aient  AtA 
Import ants. 

En  fait,  un  dAcentrage  lateral  modlfie 
l'Aqutlibro  de  la  vrille  de  faqon  telle  que  son 
actior  est  plus  visible  sur  c,es  caractAristiques 
autres  que  l'assiette  transversals  i nous 
vculons  parler  de  l'attitude  longltudinale  et  de 
la  vltesse  de  rotation  (ces  caractAristiques 
SOnt  d'aHleurs  sequent  HArm  ran  une  modifi- 
cation de  la  vitesus  da  rotation,  de  par  son 
action  oui  le  moment  de  tangage  csrtrifuge,  modlfie 
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Fig.  12  - EFFET  SUP  L'ATTITUDE  LONGITUDINALB 
ET  LA  VITESSE  DE  POTATION. 
l'assiette  longltudinale). 


0 ns  la  figure  12  on  volt  que  pour  un  dAcentrage  lateral  Agal  A 1,5  1 de  l'envergure, 
en  moyenne  i 

- quand  le  dAcentrage  est  pro-vrille,  la  vrille  est  rius  rapide  on  20  t *,t  moins  piquAe  de  1b* 

- quand.  le  dAcentrage  est  anti-vrille,  la  vrllle  est  moins  rapide  de  15  t et  plus  piquAe 

de  15°. 

Mais  ce  ne  sont  1A  que  des  valeurs  moyennes  tirAas  de  la  totality  de'  -.'Asultats  i or  certalnes 
valeurs  peuvent  8tre  trAs  AloignAes  de  ces  valeurs  moyennes.  A titre  d'exempl  i la  vltesse  de  rotation 
peut  verier  de  AO  \ et  l'assiette  longitudinal*-  de  30*  ou  plus-  Ainsl,  et  to-.jours  pour  exemple,  par 
1 'action  d'un  dAcenvrage  latAral  pro-vrille,  une  vrille  moyennement  piquAe  et  moye-nement  rapide  en 
chargemant  symATiqu.i  peut  devenlr  plate  et  rapide,  c'est-A-Jiro  A fuselage  horizontal  ou  presque  et  A 
^ 2 se-ondes/tour  (d.i  moins  pour  les  avions  d’armes  et  les  avions  lAgers)  en  chargement  dissymAtrique. 

En  gAnAral,  pour  un  avion  determine,  la  vrille  sst  d'autant  plus  difficile  A maltriser  par 
les  gouvernes  qu'elie  est  plate  et  rapide.  En  d'autres  termes,  I'Atendue  du  domaine  des  gouvernes  A 
1'intArleur  duO"el  la  vrille  se  perpAtue4est  d'autant  plus  grand  que  la  vrille  est  plus  rapide  et  clus 
plate.  Ceti.e  remarque  fournlt,  du  moins  pour  certains  avions.  une  explication  A l’extension  dr  domains 
des  vrilles  qui  a etA  constatAe  prAcAdemnent  (voir  paragraphs  2.3.2). 
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0*  cat  risultats  on  ratlandra  surtout  qu’un  chargement  dissymitrique  peut  provoquer  une  vrille 
Plata  at  rapide  qul  n'existalt  pas  an  chargement  symitrlque  i an  plus  Pas  problimes  qe  ricupiratlon, catte 
vrilla  paut  amanar  Pas  problimes  Pe  centrifugation  Pu  pilote  t c'ast  lu  cas  pour  un  grand  nombre  P'avions 
d'armas  ou  la  pilote  sa  trouve  relatlvement  loin  an  avant  Pu  cantre  p’inertla  t or  au  cours  d'une  vrilla 
plate  at  rapid a blen  Stabile,  l'axe  autour  Puqual  tourne  1 'avion  passe  approximativement  par  le  centre 
d1 inert  la  da  1' apparel 1. 

2.3.4  - Effet  sur  las  agitations. 

Oe  faqon  ginirale  : 

* las  vrllles  d'avions  ligers  sont  calmes.  c'est-A-dire  exemptes  d 'agitations , 

- las  vrllles  P'avions  da  transport  sont  calmas  ou  aglties  mals  modirAment , 

- las  vrllles  d'avions  d'armas  pauvant  Stra  calmes  ou,  A l'opposi,  fortement  agities.  Un  mime  avion 

paut  c'ailleurs  avoir  dlffirents  types  da  vrilla.  Lorsque  la  vrilla  est  fortement  agitie,  les  agitations 
pauvant  avoir  una  amplitude  suffisante  pour  transformer  la  vrilla  er  un  autre  phinomine  dicrochi  : 
auto-tonneaux  (auto-rotation  autour  Pa  l'axa  da  roulis).  fins  sur  le  dos  par  basculement  transversal 
ou  longitudinal,  ou  encore, mouvements  disordonnis, 

□ans  la  figure  13  on  volt  qua 
lorsqu'an  chargement  symitrlque,  la  vrilla 
est  calme  ou  peu  agitie,  alia  rests  calme 
ou  pau  agitie  an  chargament  Plssymitrlque 
quel  qua  solt  le  sens  du  dicentragc  > cela 
apparalt  dans  le  graphique  ralatlf  aux  avions 
ligers  at  aussl.  mals  da  faqon  moins  marquis, 
pour  les  avions  da  transport. 


Pour  las  avions  d'armas,  l'effet  o'un 
dicentrage  latiral  peut  itre  sensible  sur  les 
agitations  i alnsl  quand  ,e  cantre  d' inert le 
ast  placi  du  coti  da  l'alle  extirleure  les 
vrllles  A agitations  dlvergentas  sont  plus 
friquentes  qu'an  chargement  symitrlque.  A 
1 'oppose  cenfe  d’inertle  vers  l'alle 
lntirieure,  les  phinomines  sont  systimatlque- 
ment  calmas  ou  pau  agltis. 

II  y a lieu  de  s'itendre  sur  ce 

point. 

Cicent-a^e  < ors  l'alle  extirleure  a, 
comme  nous  l'avons  vu  pricidemnent , souvent 
un  effet  pro-vrille  (pro-rotationi  i mats 
dans  le  prisent  paragraphs  11  ressort  que  ce 
dicentrage  peut  aussi  avoir  un  effet  pro- 
ogitations,  ces  dernlires,  A la  llrolte.  pouvant  diverger. 

Or.  11  arrive  que  l'effet  pre-agitations  1’emporte  sur  l’effet  pro-rd ration  i les  vrllles 
maintenues  devlsnnent  alors  moins  noeibreuses  qu'en  chargement  symitrlque  i cela  expllque  1 'existence 
des  deux  points  particulars  Indus  dans  la  figure  10  pour  lesquels  le  sens  d'action  du  dicentrage 
vers  l'alle  extirleure  n'est  pas  le  mime  que  celui  des  autres  cas  i pour  ces  deux  points  il  y a moins 
de  vrllles  pares  que  les  agitations  sont  plus  friquentes  et  plus  amples  ce  qui  fait  stopper  la  vrille  i 
on  peut  r.Aanmoins  affirmer  pour  ces  deux  points,  que  s'il  n'y  avait  pas  d’agitations,  l'effet  du 
dicentrage  auralt  iti  de  mime  sens  que  pour  les  autres  maquettes. 

Toujours  pour  les  avions  d'armas  mais  cette  fois-ci  avec  le  centre  d'lnertle  vers  l'alle 
lntirieure,  d'apris  la  figure  13.  11  apparalt  que,  sur  aucune  maquette.  il  n'a  iti  rencontri  dfc 
p'.inomineu  fortement  agltis  et  pourtant  les  arrits  de  vrille  sont  friouents,  L’effet  du  rticentrame  o«t 
effectiveroent  lcl  un  effet  pro-freinage  et  non  pas  pro-agitations. 

Oe  ces  risultats  relatifs  aux  avions  d'armes  on  peut  alors  envlsager  qu’il  puisss  existsr, 
pour  un  avion  ditermini,  un  dicentrage  latiral  optimal  pour  le  maintien  de  la  vrille  et  ce  dicentrage 
peut  verier  selon  1 'avion,  bien  entendu  en  module,  mals  aussl  en  sens.  Cn  effet,  dans  le  cas  ou,  e.n 
chargement  symitrlque  : 

- la  vrille  est  suffisamment  calme,  le  dicentrage  seralt  optimal  quand  le  centre  d'lnertle 
seralt  du  coti  de  l'alle  extirleure 

- la  vrille  est  fortement  agitie,  la  vrille  pourrait  Stre  mieux  maintenue  quano  le  centre 
d'ineriiw  seralt  vers  l'alle  lntirieure  » le  module  du  dicentrage  latiral  devrait  alors  itre  A la 
fois  suffisant  pour  calmer  la  vrille  et  insufflsant  pour  la  falre  stepper. 

En  conclusion  de  ca  paragraphe,  comme  touf-  rigle,  celle  concernant  l’influence  d'une 
dissymitrle  de  chargement  comporte  des  exceptions  i dans  le  cas  prisent  ces  exceptions  s'appellent 
agitations. 


Vnlw  imudfremrS 
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2.3.5  - Effst  du  typs  d'ovion. 


Dans  1st  precedents  paragraphs*  las 
rSsultats  nous  ont  Impost  de  d6J4  fairs  appa- 
raltre,  sur  cartains  points,  l'actlon  d'une 
dissymetrie  massique  salon  Is  type  d'ovion.  Le 
present  paragraphs  apporte  d'autres  precisions 
h cp  sujet. 

Comma  la  montre  la  figure  14  l'actlon 
d'un  dtcsntrage  lateral  est  plus  ou  molns 
marqu6  salon  le  type  de  l'avion  : 

- effet  souvent  important  pour  las  avions 
d'armes, 

- effet  an  moyenne  modtre  pour  las  avions 
de  transport 

- effet  souvent  faible  ou  nul  pour  les  avions 

ltgers. 

Or  11  faut  notar  qua  la  gouvarne 
pr6pond6rante  : 


* pour  un  avion  d'armes.  est  souvent  le 
gauchlssement 

- pour  un  avion  de  transport,  est,  salon 
l'avion,  le  gauchlssement  ou  la  direction 

- pour  un  avion  ltger,  souvent  la  direction. 

En  tenant  compte  de  ces  remarques 
il  a paru  interessant  d 'analyser  1 'effet 
d'une  dissymetrie  de  chargement  en  tenant 
compte  de  la  gouverne  prepondtrante. 

Nous  avons  alnsi  obtenu  les  rtsul- 
tats  qui  sont  portts  dans  la  figure  15  ou 
l'on  constate  que  : 

- dans  90  \ des  cos  ou  le  gauchlssement  est 
la  gouverne  pr6pond6rante,  l'effet  d'un 
d6centrage  lateral  est  mod£r6,  nu.  Is  plus 
souvent,  important.  Le  pourcentage  seralt 
de  100  s’il  n'y  avait  pas  les  deux  cas 
particulars  (vrilles  h agitations  diver- 
gentes)  dont  11  a 6te  question  au  para- 
graphe  precedent. 

- dans  70  \ des  cas  ou  la  direction  est  la 
gouverne  pr6pond£rante,  l’effet  du  d6cen- 
t.'age  est  solt  nul.  soit  faible  i 11 
n’est  jamais  important. 


Fig . 14  - EFFET  SEWN  LE  TYPE  D 'AVION 


Fig.  IS  - EFFET  SELON  LA  GOUVERNE  PREPONDERATE 


Un  cas  qui  apparalt  dans  la  figure  14 
confirme  ces  remarques  : 11  s'ogit  d’un  avion 

d'armes  qui  est  le  seul,  parmi  ceux  que  nous  avons  etudlcs,  cour  lequel  la  gouverne  ayant  le  plus  d'influ- 
enoe  sur  la  vrtile,  est  la  direction  i pour  cet  avion  l’effet  d’un  chargement  dlssymetrique  s’est  av6rl 
faible  ou  nul. 


c’effet  d’un  dficentrage  est  done  a classer  plus  en  foncticn  de  la  gouverne  prepond6rante  qu'en 
fonctlon  du  type  ae  l'avion. 

Remarque  : il  arrive  parfois  que  la  gouverne  preponderate  pour  la  vrille  d'un  avion  est  la 
profonoeur.  Ce  cas  ne  s'est  presents  sur  aucune  des  maauettes  retenues  pour  T etude  presente  i cela 
explique  que  dans  le  present  paragraphe,  seuls  furet  oris  en  consideration  la  direction  et  le  gauchls- 
seiftjtii. 


2.4  - Effet  de  charges  externes  dissynetriques. 

Par  charges  externes,  nous  entendons  ici,  charges  lourjes  et  non  pas  ieg£res  du  tvpe  : 
rfiservolr  vide.  Ces  cas  i.s  concernent  bJen  enfendu  que  les  avions  d'armes  pour  losquels  l'effet  d’une 
dissymetrie  purement  massique  est  so-,  vent  important. 

De  l'ensemble  des  rOsultats  d'essals  faits  avec  charges  externes  dissymetriques,  il  ressort 
que,  trfes  souvent,  une  cnarge  sous  l’alle  exterieure  a un  dffet  pro-vrille,  Inversement  une  charge  sous 
J'aile  lnterleure  favorlse  la  recuperation. 

Les  resultats  sont  done,  Ju  molns  quail  tat ! vement , de  m«me  type  duond  le  centre  d’inertie  est 
deplace  vers  un  certain  cote,  que  le  decentrage  soit  cause  par  une  dissymetrie  interne  ou  par 
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une  dlssymgtrie  externe.  On  peut  aussi  conclure  que  dans  Is  caa  de  charges  externes  dissymitriques, 
l'effet  de  la  disaymgtrie  gfiomgtrique  est  secondaire  an  regard  de  celui  de  la  dissymStrie  masalque. 

2.5  - Relation  entre  effat  d‘un  dScentrage  lateral  et  effet  du  gauchlasement. 


lorsque,  pour  la  vrllle  d‘un  avion 
la  gauchlasement  est  la  gouverne  prgpondgrante  : 

- gauchlasement  Contra  (c'est-4-dire  braqu6 
Centre  un  vlrage  de  mgme  sens  que  la  vrllle) 
favorlsa  le  malntlen  de  la  rotation,  pour 
autant  toutefols  que  lea  phgnomgnes  ne 
solent  pas  trep  igl*-gs.  Gauchlssement  Contre 
a done  ggngralemert  un  effet  pro-vrille. 

- gauchlssement  Avec,  aouvent  la  vrllle  se 
freine  et  stoppe  meme  en  l’absence  d'agi- 
tatlons. 


II  semble  que  l'on  puisse  mettre 
en  parallels  1' effet  du  gauchlssement  et 
l'effet  d'un  chargeme.it  dissymgtrique  vis-4- 
vio  de  la  vrllle.  Alnai,  si  on  considers 
l'effet  de  ces  deux  paramfetres  sur,  par 
example,  le  pcint  concernant  l’Squilibre 
transversal,  on  peut  admettre  que  (voir 
figure  16) 


EFFET 

PRO.VRLLE 


Gouchiasarrvan)  *Cbrtre 


A HE  EXTERfURE  I AILE  INTERIEURE 


Centre  cfintHte  vers  I ale  extensor* 


- d’une  part  le  gauchlssement  mis  contre 

- d'au'.re  part  le  centre  d’lnertie  placS 
vers  1‘alle  ext6rieure 


Fig.  1C  - COMPARISON  EFFET  DECENTRAGE 
ET  EFFET  GAVCHISSEMENT 


ont  tous  deux  m6me  sens  d'actlon  puisqu'lls  tendent  4 faire  balsser  l'aile  qul  avance  pendant  la  vrllle. 


Les  ailerons  (paramPtre  g6om6trique)  et  le  d6centrage  (paramfctre  masalque)  auralent  done  un 
effet  du  meme  type  sur  1 'attitude  transversals  et,  comme  semble  le  confirmer  la  pr6sente  6tude,  par  vole 
de  consequence,  sur  le  phgnnmfine  global.  Cela  pourrait  expllquer  que  l'effet  du  dgeentrage  soit  plus 
marqug  lorsque.  pour  la  vrllle  d'un  avion,  la  gouverne  prGpondfirante  est  le  gauchlssement. 

Oans  le  m6me  ordre  d’ldfees  on  pourrait  6galement  pr6clser  lei  certains  r£sultats  qul  furent 
nbtenus  lors  des  essais  qul  ont  fait  1'objet  de  la  premiere  partle  de  ce  document,  4 savoir  essals  sur 
maquettes  6qulp6es  de  fusSes,  II  s'agit  du  cas  de  fus6e  aglssant  en  roulis. 

Nous  avons  vu  dans  le  paragraphs  1.4,2  qu'une  fusfie  suff isamment  fortJ  pouvait  d6s6quilibrer  la 
vrllle  et  la  faire  stopper  mdme  dans  le  sens  d'actlor  ou  la  fus6e  fait  balsser  l'aile  ext6rleure.  Mais 
nous  avons  vu  Sgalement  que,  pour  ce  sens  d'actlon,  si  la  pouss6e  de  la  fus6e  est  relatlvement  falule, 
la  fus6e  a pour  effet  d’aplatir  la  vrllie,  du  molns  passagSrement  c’est-4-dire  pendant  la  dur6e  de  fonction- 
nement  de  la  fus6e.  Cette  derniSre  peut  done  avoir  un  effet  pro-vrille  lorsque,  r6p6tons-le,  elle  tend 
4 faire  balsser  l'aile  extgrieure.  SI  rous  regroupons  lcl  plusleurs  conclusions,  nous  trouvons  done  que 
faire  balsser  l'aile  extGrieure  : 

- soit  par  le  gauchlssement 

- soit  par  une  dlssymgtrle  de  chargement 

- soit  par  une  fus6e  (de  poussfte  relatlvement  falble) 


conduit  4 m&me  r6sultat,  4 savoir  : favorise  le  malntlen  de  la  vrllle. 


2.6  - Conclusion. 


De  l'gtude  de  i’lnfluence  d'une  dissymgtrle  de  chorgemant  sur  la  vrllle  d'avions  de  tous  types, 
dlvorses  conclusions  peuvent  gtre  tiroes  : 

1 - L'effet  d’un  chargement  dlssymgtrlqus  (dissymgtrie  purement  massique)  peut  verier  de  nul  4 
Important  selon,  entre  autres.  le  type  de  l'avion  ; mais  lorsque  cet  effet  n'est  prs  nul  11  est  pratique- 
mont  toujours  de  m&me  sens  soit  : quand  le  centre  d'lnertld  est  d6plec6  vers  : 

- l'aile  extferieure  : effet  pro-vrille,  c'est-4-dire,  augmentation  du  domaine  des  gouvernes 
4 l'intgrieur  duqual  la  vrllle  se  maintlent 

- l'aile  lntgrleure  : effet  anti-vrllle 

2 - Effet  pro-vrille  peut  slgnlfler  de  plus  : apparition  ou  augmentation  de  risques  de  vrilles 
plates  et  rapldes  au  cuurs  desquellec,  pour  certains  avlons,  le  pilots  seralt  soumis  4 des  acc£16ratlons 
lnconfort.ables  slnon  insupportables. 

3 - l’ effet  d'un  dScentrage  lateral  est  plus  marqu6  pojr  les  avlons  dont  la  gouverne  pr6pond6- 
rante  pour  la  vrllle  est  ie  gauchlssement  i or,  gauchlssement  pr4pond6rant  est  : 

- t^s  souvent  le  cas  pour  les  avlons  d’armes 

- parfoie  le  cas  pour  les  avlons  de  transport 

- rarement  le  cas  pour  les  avinns  Ifigers. 
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4 - Un  decantraga  du  i una  charge  axteriaura  sous  una  alia  a la  m9me  sens  d'actlon  qua  la 
dgcentrage,  vars  la  mime  alia,  provoque  par  una  dissymetrle  interna. 

5 * Dans  la  cas  da  phfinomSnes  trls  agltfts,  1'affat  d'un  decantraga  lateral  vers  l'alle 
extlrieure  peut  9tre  dimlnue,  annuie  ou  mfima  changer  da  sans  par  un  accrolsiament  das  agitations  qul 
peuvant  alors  condulre  9 une  recuperation  mais  par  l’lntarmtdlalre  da  phfnomfenes  divers,  auto-tonneaux 
par  example  ou  fin  sur  la  dos. 


En  conclusion  generala  11  faut  surtout  retanlr  qua  la  centre  d' Inertia  place  hors du  plan 
da  sym6trie  paut  se  classer  parml  las  parametras  qul  influencent  la  plus  la  vrllla  > 9 la  llmlte  son 
action  paut  Itre  notablement  plus  lmportante  qua  calle  de  tout  autre  paramltre  masslque  ou  g6om6trique. 
Aussl,  est-11  necessaira  que  ca  paramitre  salt  prls  en  consideration  au  cours  das  campagnes  d'essais  da 
vrllla  tant  en  soufflerie  que  sur  l'avion  lui-m6me. 
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UNE  NOUVELLE  ANALYSE  DE  LA  VRILLE 
BASfE  SUR  L'EXPERIENCE  FRANCAISE  SUR  LES  AVIONS  DE  COMBAT 

par  Claudius  LA  BURTHE  * 

Centre  d'Eiun  »n  Vol 
91220  Br4tigny-aur-Orge  (France) 


RESUME 

Chu  let  utilisation  frangeit,  iat  pertet  d'aviom  da  combat  par  enforcement,  decrochege  ou  yrltla,  sont 
relativement  ptu  nombreuses.  Entra  autres  raisonl,  on  paut  attnbuar  ca  results!  lavorabla  4 un  effort  particuliar 
d'lnttruction  dot  pilotet  sur  lot  hautat  incidence!.  N4anmoini,  1'mfluence  (Mfavorabta  da  la  charga  alaira  fait 
craindta  una  deterioration  da  catta  iituation  lur  lai  avions  nouveaux.  Un  certain  nombra  da  rfeultatt  d'essais  torn 
analyses  tout  I'angla  da  la  nature  dat  partat  da  contrile.  On  d4montre  ainn  la  preponderance  dat  phenomena 
d'inertia,  at  on  an  deduit  let  limitet  de  credibility  dat  avertisseurt  lies  1 1'incidanca.  Pour  lat  aviont  future,  on 
propota  de  completer  It  protaction  par  un  ddtecttur  de  couple  gyrotcopique, 

A NEW  ANALYSIS  OF  SPIN.  BASED  ON  FRENCH  EXPERIENCE  ON  COMBAT  AIRCRAFT 
SUMMARY 

Relatively  few  aircraft  are  lott  by  rrench  uteri,  owing  to  unking,  nailing  or  spinning.  Among  other  reatont, 
thu  favourable  remit  may  be  attrib  • to  a particular  emphatit  put  on  pilot  instruction  about  aircraft  behaviour 
at  high  a’lglet  of  attack.  Bu  in  view  of  nc  unfavourable  influence  of  wing  loading  this  situation  might  deteriorate 
with  new  aircraft.  Some  test  remits  are  analysed  at  regards  tha  nature  of  losses  of  control.  The  major  influence  of 
inertia  it  thus  demonstrated.  Limits  of  credibility  for  stall  warning  sys'ems.  bated  upon  angle  of  attack  measure- 
ment. are  then  deduced.  For  future  aircraft,  it  it  proposed  to  improve  protection  by  adding  a gyro  torque  detector 
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ellipsoids  principal  d'inertia  de  I'avion 

ellipsoids  d4duit  da  £ par  une  affinity  de  centre  <v 

centre  d'mertie  ou  da  gravity 

vecteur  mumant  antique 

«P  n.,rr' 


moment  d’mertie  eutour  de  l ave  principal  ac'ac 
moment  d'mertie  autour  de  I'axe  principal  y ^ 
moment  d'inertia  autour  de  I'axe  prmcipel  \ 
plan  tangent  4 I'ellipmide  d’mertie  et  perpendiculaire  4 H 
est  fixe  dans  I'espaca.  et  d4termme  lat  mouvementt  de  E 
par  rapport  f des  axes  fixes 
vitetse  de  roulit  \ 

<ilvtU  d«  tanjigc  compete''!*!  de  « 
vitette  de  iacet  ) 
tnergie  de  I'avion  an  rotation 


axes  pnncipeux  d'mertie  de  I'avion 

incidence 

d4rapage 

p4riodt  d'un  mouvement  otcillatoire 


| anglet  d'Eular 

plant  limitet  du  problems  d'Euler-Poimot  inclm4s  de  I'angla  X 
mr  la  plan  <i 

vecteur  rotation  initentar-ye  de  I'avion. 

0 


L'exp4nence  pvvmet  de  clatter  let  incidents  ou  accidents  qui 
aurviennant  4 haute  mcidenca  an  deux  cat4gonet  let  partes  de 
contrAle  parhelles  et  let  vrillet. 


Let  portal  de  contrile  pertielles  peuvent  revitir  un  degrt  de  gra- 
vity tr4t  variable  salon  la  durye  et  ta  syvArity  du  mouvement  mcontriie 
da  I’avion 

- minimal  et  br4vet  . echappeat  on  roulit  . 

- violentes  . depart  an  roulit,  depart  en  Iacet,  pitch-up 

- prolonged  : decrochaga.  enforcement.  . . 

Dent  cette  gamma  continue,  toutet  lat  pottibilitet  existent,  et  let 
pilotat  le  tavern,  de  mrte  qu'il  ett  difficile  pour  aux  de  decider  ti 
tel  ou  tel  incident  meme  de  faire  I'obiet  d’un  compte  rendu  En 
ravanche,  let  cat  de  vrille  sont  plus  aityment  identifiablet. 

Eh  France,  le  nbmbre  d'aviom  de  combat  perdut  en  vrille 
n’ett  pat  tr4t  eiave.  Let  utiiitateurt  frangait  comid4rent  la  vrille  propre- 
ment  due  comma  un  problems  mmeur  pour  la  security  des  volt,  lit 
attribuent  ce  Don  remits!  autant  a ie  quaint  du  iiialenel.  qua  cilia 
de  1'inttruetion, 

Capendant,  cette  situation  pourrait  se  degrader  fur  let  aviont 
actuals,  on  raiion  de  I’augmentation  des  charges.  En  effet.  la  figure  1 
terrible  montrer  une  correlation  antra  let  teux  de  parte  et  la  charge 
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alair*  * la  man*  da  combat  II  na  taut  capandant  pat  *x*g6i*r  la 
port#*  da  ca  graph  iqua,  qui  couvra  dix  ant  d'utilitation.  man  un 
nombra  d'aviont  pardut  trJK  modatta.  Malyrt  catta  reserve,  on  paut 
craindra  qua  lat  chargat  alairat  pratique*!  sur  lat  aviom  nouvaaux  na 
contribuant  a augmantar  la  ritqua  da  vrilla. 

La  mita  an  tarvica  d'aviont  da  plut  ar  plut  lourdt  doit  logiqua- 
mant  conduira  k ranforcar  I’affort  da  protaction  contra  la  mite  an 
.rilla. 

HISTORIOUE  DE  LA  PROTECTION 

Cella-ci  a it*  d'abord  anuria  par  det  limitations  portant  sur  la 
vitatta.  la  factaur  da  charga,  ou  certain!  mouvar.tantt  da  gouvarnat.  Mats 
la  vrilla  n'itant  pat  formallamtm  intardita,  la  maillaura  protaction  restart 
una  bonna  connaittanca  du  compoitamant  da  I'avion  an  evolution! 
tarriat.  L'apparition  da  vnllat  k grand  divaloppamant  vertical,  avac  dat 
sorties  difficilat.  a conduit  i I'mtardiction  complete  da  vrilla*  dilibiriat. 
Cana  interdiction  t'att  d'autant  plut  ’acilamant  pineralii#*  qua  la  vrilla 
a perdu  sa  valeur  tactique  an  raison  dat  difficulty  da  toutas  tort  at 
qui  I'accompagnant  ■ orientation,  fonctionnamant  motaur,  intigriti 
cellule  ate.  . . Afin  da  facilitcr  ('application  da  c»ta  contignt,  un  .1 
corvju  dat  alarmes  luminautat  pun  to  norat,  liiet  i un*  detection  d'inci- 
danca  IMirag*  III). 

Man  cat  alarmat  or’  it#  jugiat  mtuffitantat  pare*  qu'allat  rapri- 
tantant  das  informations  ditcontirxjas  On  a done  die  id*  d'iquipar  lat 
av'iont  lat  plus  recants  d'un  indicataur  d’mcidanca  liniaira  at  paravituaf. 
En  outre,  cat  instrument  paut  itra  utilise  dart  pratqu*  toutas  lat  autrat 
phatat  da  vol.  Capandant.  il  a iit  jug#  ricattair*  da  contarvar  I'alarm* 
tonora,  pour  ta  contribution  e la  aicurrt*. 

CHOIX  OES  NIVEAUX  OALARME 

Can*  question  att  dilicat*  at  doit  itr*  examine*  an  detail.  La 
nivaau  d'alarma  att  chom  evidammam  plut  bat  qua  lat  plut  faiblat 
incidences  da  partat  da  contrdl*  Lat  elements  qui  guidant  c*  chain  torn 
d*  deux  ordrtt 

- technique  : qualitis  da  vol  da  ''avion  i haut*  incidence  . stabilite*. 
amortiuamant,  pitch -up  eventual,  efforts  ate  . 

- ooerationnal  . politique  d'utilitation  du  material,  considerations 

d'*ntrain»m*nt  du  personnel  etc  . . 


Ainti.  I'etx  t d'mcidanc*  qui  sdpar*  I'alarm*  da  la  part*  da 
contrbl*  (qua  Ton  appatla  impropramant  I*  domain*  an  "overshoot", 
notion  qui  retta  ambigue  dans  la  cat  da  I'mcidancal  result*  an  part  it 
d'un*  decision  da  commandamant. 

Mait  il  att  malhaureutamant  evident  qu'una  limitation  d'mcidanc* 
att  baaucoup  plut  difficile  * ratpactar  qua  callat  portant  tur  I'altituda 
ou  la  vitatta  par  example,  mem*  an  tamps  da  ptix.  Or  I’analyt*  tech- 
piqua  montr*  qua  I*  pilot*  qui  deptu*  un*  mcidanca-limit*  paut 
raneontrar  dat  comportamantt  d’un*  axtrltn*  divartite  tur  un  mime 
avion.  Caci  att  du  k I'lnfluanca,  paifoit  tret  fort*,  dat  autrat  parametrtt 
dont  depend  I*  mouvaniant  air  , y5  , Mach,  configuration,  couplet 
gyrotcopiquat  ate 

II  torait  tret  compliqui  at  P«u  tur  da  concavoir  un*  alarm*  lie* 
k tout  cat  parametrat.  Mais  I'tnalyt*  qui  va  tuivi*  parmaitra  da  propose: 
un*  tolutinn. 

COMPARAISON  DE  QUELQUES  VRILLES  D'AVIONS  DE  COMBAT 

Let  figures  2,  3,  4 at  B montrant  let  vnlias  o*  qualquat  aviont 
volontairamant  choitit  pour  leurt  differences  d'architactur*.  d’ig*  at 
d'origm* 

Cat  vrillat  qnt  un  cartvn  nxnbra  da  caractanttiquat  communes  : 

- mouvamant  otcillatc/ir*  ptaudo-parmanant.  period*  da  I'ord.u  da 
grandeur  da  3 k 4 tacondat, 

- duriat  aieatoiras,  avac  dat  sortiat  difficilat,  car  lat  gouvarnat  sont 
pau  afficacat  ; grandat  partat  d'altitud*. 

- roulit  at  lacat  generalamant  synchronises. 

- tangag*  an  a vance  da  phata  da  90°  dans  una  vrilla  k gauche  (ou  an 
retard,  dant  un*  vrilla  I dioital, 

- compotante  continue  important*  tur  la  lacat.  faibl*  tur  lat  autrat 

axes 

Cat  similitudes  f.appantat  montrant  qua  Its  mouvamantt  sont 
dominit  par  un  element  commun. 

La  calcul  dat  mvaaux  d'inergic  an  rotation,  qui  ett  eiav* 

(un  100  kjoule)  par  rapport  k calui  das  evolutions  normal*!  (qualquat 
kioults),  lugger*  qu'il  t'agit  dat  couples  gyroscopiquas. 


P/g.  2 - Vnlle  Jtfjutr  monoplK*.  <T  ~ 3,2  mcondn. 


Fig.  3 • Vnli t du  Fougt  CM  1)0. 
r*f.  Leconte,  M4camque  du  Vo!.  Ounod. 


Fig.  4 - Vrillt  du  Viggwi. 
rtf  74  Report  of  Society  of  Exp.  Tf»t  Pilot! 
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MOUVEMENT  D'EULERPOINSOT 

las  Aquations  d'Eular-Poinsot  raprAsantant  la  modAla  mathAma- 
tiqua  das  mouvainants  d'un  satallita,  ou  d'un  avion  sur  I aqua!  las  momant 
mams  aArodynamiquav  ou  da  propulsion  axarcsraiant  una  action  nAgli- 
gsrbis  En  ravancha,  on  na  fait  aucuna  hypo  th  Ast  sur  las  forcas  aArody- 
namiquas  : 

I„  j - Iy)  ^ r x O L r o 

0)  If  ^ * (X,  - I j)  r)i  id  ft  s o 

I*  * »(xy  ' I»)  ri  = ° h bo 

^a  s - Y* «»'*  9 «■  i 
• • 
tvtc  <|  s T 9 i»’n  f r 6 c»s  1 

r = Y"  sas  0 (as  § * 0 i‘«  I 

La  solution  analytiqua  da  ca  systAma  dApand  fortamant  das 
conditions  imtialas.  Ella  fait  appal  aux  intAgralts  alliptiquas  qui  torn 
d'un  mamamant  pau  rantablas  pour  las  physicians.  La  solution  gAomA- 
triqua  ast  d'accAs  plus  facila. 

Dans  un  pramiar  tamps,  on  paut  Acrira  qua  I'Anargit  an  rotation 
da  I'avion  ast  constants,  puisqu'il  n'y  a pas  da  momant  das  forcas 
sxtArisurss  lea  qui  n'ampAcha  pas  caHasoi  d'agir.  comma  on  la  vsrra. 
sur  I'Anorgit  totals,  au  tans  cinA'.iqua  at  potsntialls). 

XK  * Iy  ♦ Xj  r*  r JT  n <f« 

On  dAmontra  ainsi  qua  I’axtrAmitA  du  vsetsur  rotation  SL  appartiant 
A un  sfliptoids  E , affma  da  Ctlliptoidt  principal  d'martia  da  I'avion. 


H ast  clan  d'autra  port,  qua  dans  un  mouvsmant  sans  irttarvantion 
axtAriaura,  la  vactaur  momant  cinAtiqua  H*  ast  constant  an  grandaur 
at  an  diraction. 

Las  conditions  initial  at  son:  fixAas  par  la  position  da  -O.,  dans  £ 
(ou  £').  A chaqua  position  da  X (corraspond  una  position  da  H (ng.  El. 
On  dAmontra  facilamsnt,  per  una  Atuda  das  variations  inst»nt*.sAts  da 
XL  , qua  la  liau  da  I'axtrAmitA  da  J5T  sur  £ s'obtiant  an  faitant 
roular  E. " sans  glitsamant,  sur  la  plan  P qui  ast  fixa  dans  1‘atpaca  at 
psrpsndiculaira  A H . 


Fig.  6 - Mouvtmmt  d'Euhr-Pomtat  gtntnl. 

Las  courbas  obtanuas  torn  appalAat  "polhodits"  at  torn  prAsantAas 
figura  7.  Ellas  ta  dAcomposant  an  quatra  famillat.  symAtriquas  daux  A 
dsux.  qui  antourant  1st  pdlas  da  roulis  at  da  lacat.  Cana  symAtris 
raflAta  calls  das  mouvamants  gauchs/droita. 
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Cm  court**  tont  dM  biquedratiquet  qr'i  oot  4vid*mm*nt  Im  m trim 
pl»n*  d*  tymdtrie  qui  ceux  da  relliptoide.  EIIm  m projettant  tur  cm 
pint*  talon  dM  arc*  d«  coniquM  dont  on  obtiant  tr4t  facilamant  Im 
aquation*  : on  divine  membra  * membra  Im  aquation*  du  ty*t4me  ID 
at  on  Im  int4g>*.  La  tokrtion  donna  deux  famiilM  d'tlhptM  at  una 
familla  d'hyparboltl  : (fig.  81 


l 1 

J_  t i.  B Aj 
K,  K»  3 

3i  = a. 

•vac 

K,  = 
Kk  * 

r-^ 

*1  K, 

- ti  a A, 
K,  K, 

*S« 

On  conttata  qua  l‘axa  da  tangage  joua  un  rbla  privilege,  qut  doit 
4tre  aftnbu*  a 1'indgalitt  X,  < Xy  < Xa  . 

Lai  daux  patra*  da  famiilM  da  court**  pr4tant*«  figure  7 torn 
a*per*e*  par  dM  plant  K at  It'  dont  1'inclinaiton  t tur  x fy 
Mt  donn4e  par  la*  aiymptotM  da  I'hyparbola  ci-dauus . 


II  ta  trouv#  qua  pour  beaucoup  d'ayion*  cat  artgla  ast  da  I'ordra  da 
grandeur  da  • 

Dan*  la  cat  particular  o 0 » Xj  , I'elliptoide  Mt  da  rayolution. 

(tig.  8)  Im  plant  torn  confondus  avac  ij  G)  j . at  Im  quatrt  famiilM 
da  cardM  centra*  tur  x-'x 

L'axplication  gtomatriqua  mat  an  4vidance  It  fait  important  qua 
la  mouvamant  d'Eular-Pomiot  Mt  permanent.  Mai*  la  dura*  d'un  cycle 
dapand  dM  condition*  initialM  at  peut  yanar  da  taro  a I'mfini  En 
outre,  la  vitetie  da  dafiltmant  da  XL  It  long  d'une  qualconqua  dM  bi- 
quadratiquM  peut  vanar  dan*  dM  proportion*  importantM.  Sur  la 
figure  10,  on  a porta  troit  txtmplM  da  pariodM  1,  3 at  10  tecondM. 
Sur  cattt  finure,  I’fpeittaur  dat  traiectoirt*  Mt  en  raiton  invert*  da  la 
vitMta. 


Fig.  9 - PolhodHt  d'un  illiptofdt 
d*  revolution 
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Fig.  10  - Extmpkt  dt  polhodm  d*  durdtt  difHrtntrc 


•ei  varianoni  do  vitetse  sont  * I'origine  del  formal  parttculi4rei 
dai  anragiftramanti  da  viihmi  angulaires  f r Un  axampli  obtenu 
*jr  machina  arulogiqua  alt  fourni  figure  12  licMmi  da  ciblege  fig  11). 
Cat  anragntramant  donna  la  rdiultat  obtenu  t partir  da  condition* 
initialat  qui  condunant  * una  courba  da  la  familla  antourant  un  pdla 
da  lacat  On  volt  qua 

- la  mouvamant  ait  parmanant. 

- rouln  at  lacat  lont  lynchronai.  frequence  double  tur  la  lacat. 
roulu  an  dant  da  icia. 

- la  tangaga  att  <Mphaie  da  1i  12.  forma  trii  carrda. 

- il  n'y  a da  compoiante  continue  qua  iur  la  lacat 


P’  = - *,  Of 

q'  r K,  ip 
r"  = - K,  pq 

Fig  1 1 - Urchin*  tnslogiQuc  Schdm*  d* 
cibltg*  du  probU<rn  d*  Pointot. 


On  remerquera  I'analogie  avec  I'anragutramant  da  la  vnlla  du 
Jaguar. 


Tcutefon,  ii  lai  condition!  imtialei  avuant  fait  chomr  una 
courba  d’une  familla  antourant  la  pAla  X . on  aurait  tchangt  lai 
comportamanti  qualitatift  du  rouln  at  du  lacat 

Amu.  compte  tenu  da  I'axntanca  du  plan  da  tymdtria  x4| 
on  retiendra  qua  cheque  courba  da  I’une  qualconqua  dai  familial  peut 
4tr«  obtanua  tant  ambiguite  t partir  da  condition!  mitialai  expumdet 
KXJ!  1a  forma 

» (f.,  f.)  avec 

La  period!  du  mouvamant  defrni  depend  t la  foil  du  module  at  da  la 
poution  dr.  ca  vactaur.  Ella  diminua  loriqua  I -A,  I augment!  A 
module  donne,  alia  augment!  loriqua  1 A f.  -•  k j i . an  ranon  du 
relentnietTwnt  da  A lor*qu‘il  pane  du  voninege  dai  pdlei  da  tangaga 
mir  ( € ) 


ETUOE  D UNE  VRILLE  REELLE 

Let  similitudes  rencontrtei  antra  lai  figures  2.  3.  4 ou  5.  at 
I’anragutramant  figure  12  lont  luffnammant  frappantm  pour  qua  I'on 
fane  I 'ftuda  complete  da  I’una  das  vrillas  reallai  On  chomt  la  plus 
typiquc  la  vriHa  du  Jaguar,  figure  2. 

On  present!  figure  13  un  cycle  da  catta  vnlla.  an  comparanon 
evec  un  cycle  de  calui  del  moiivementi  t la  Eular-Poiniot  da  I’allipioida 
d'inartia  da  I'avton.  qui  potsede  la  mema  period!  w 3 laconda  L’ecart 
algebnqua  qui  tepara  lei  deux  mouvamanti  ait  oWignoirement  impu 
tabla  aux  moment!  das  forces  extenaurai  aerodynamiquei  at  propulsion 
On  I'appelleia  rendu  aerodynamiqua 

La  veleur  abiolua  du  rendu  permet  d’affirmar  ca  resultat  fonde- 
mental  ’ lai  mouvamant!  di  catta  vnlla  lont  organnei  par  lei  couplet 
gyroicopiquei,  ceuxci  etant  perturbet  par  las  moment!  aerodynamiquei" 

Cette  conclusion  devrait  pouvoir  etre  generalise!  1 toutai  lei 
vnllei  OKillatoires  pseudo  permanantas  On  remarqura  qua  dam  da 
nombreux  cat.  la  vitasw  de  tangaga  ait  dephaiea  d’envirnn  it  / 2 par 
rapport  4 I'ensemble  rouln  lacat 
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Fig.  12  - Houvmtnt  d'Eubrfointot  gintnt. 


ANALYSE  OU  RESIOU  AERODYNAMIQUE 

Le  r*lidu  cMfim  ci-deuul,  rapetante  I 'image  del  influtncti  e4ro- 
dynemiquev  On  prut  done  fair*  un  travail  d'idantification  da  coeffi- 
ciantt.  La  figure  14  donna  un  example  nmplifi*.  On  derive  tommaire- 
mant  let  Vital  sat  angulairev  On  obtiant  done  lei  mom  anti  lei  plui 
important!.  & on  let  compare  a vac  las  anragntramanti  d'mcidence  at  da 
dtrapaga.  on  paut  tirar  lai  conclusion*  luivantes  . 

- la  mouvement  da  tangaga  ait  frain4  pendant  una  grande  partia  da  la 
ptriode  cala  doit  4tra  impute  au  coefficient  Cmij  , 

- let  mouvement!  da  roulu  at  da  larot  tont  affactei  iimultanement. 
pendant  una  courta  partia  da  la  p4node.  at  preciiemant  longue  la  naa 
da  I’avion  eit  bat  (incidence  modereal, 

- let  coe'*‘Cientt  raipontablat  dun  taf  mouveri.jnt  tont  dune  part  un 

Ct/i  < ° ■ d’eutra  part,  un  C«y$  < O 
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Frq.  13  - Avion  Jaguar  monoploce 

Comporataon  vof/Euhr-Pomtot  wr  un  c veto  dt  vnlh. 

1.  Vo 1 2.  EuftrPomaot  3 RHtdu  aerodynamiqoa 


Fig.  14  ~ Avion  Jaguar  monoplact. 

Interpretation  du  riudu  airodynamtqua  fur  un  cycle 
da  vrtfle. 
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En  r*sum*.  l>  vnlle  du  Jaguar  monoplac*  paut  x d*crire  comm* 

Kilt  . 

- mouvamant  * pr*pond*r  ,nc*  inartieile., 

--  influences  a*rodynamiquas  mod*r*as  an  tamps  at  an  grandaur. 

Callas-ci  provoquant  • 

- un  amortisxmant  longitudinal  quasipermanant  sur  un  cycl* 
at.  lorsqu*  I*  naz  da  I'avmn  pass*  an  position  basx  (incidanc*  minimal* 
da  vnlle)  daux  impulsions 

. I'una  an  affat  di*dre  da  sans  convantionnel 
. I'autra  an  stability  da  rout*  negative. 

On  paut  an  deduir*  las  saulas  parties  da  la  cellule  qui  soiant 
actives  an  vrill*  . 

- ompannaga  horizontal  — » C **«  <f  <0 

- voilur*  an  fl*cha  — <•  C (yi  < o pour  •«  modJr *a 

- naz  avion  — » C»/i  < o pour  «<  mod*r*a 

On  ramarqu*  qua  saulas  las  parties  frontalas  da  I’avion  son:  concern**: 
dans  I'axplication  du  mouvamant  transversal. 

La  solution  ainsi  propose*  n'ast  paut  *tra  pas  unique,  *•  merit*' 
rait  d'etre  diacute*.  Mais  il  taut  raster  prudent  dans  la  racharch*  d j 
model*  du  r*sidu,  car  I' incidanc*  at  la  d*r  ap-q*  variant  enorm*mrnt, 
las  vitasses  angulairas  sont  tr*s  fortes,  at  il  faut  x'an  tamr  aux  influ- 
ences pr*ponderantcs.  Sinon,  r identification  conduirait  * un*  ind*tar- 
mination  concarnant  las  rdlas  da  I'mcidancj.  du  d* rapage.  at  das  coaffi- 
ciants  instationnairas. 

GENERALISATION  AUX  AUTRES  AVIONS 

L'analyx  du  r*sidu  ainsi  present**  paut  s'appliquat  * tout* 
will*  oacillatoir*  * pau  pr*s  p*riodiqua,  m*ma  si  la  d*phasaga  ?ntre 
tangag*  at  rouhs-lacef  n'ast  pas  calui  du  mouvamant  d'Eular-Poinsot. 
soit  11  12.  Dans  c*  cts.  I*  r*sidu  ast  plus  important  an  valour  absolua. 
il  ast  puls*,  at  done  plus  difficile  a analyser 

Un  certain  nombre  d'antr*  cat  vrilltt  pr*sante  Is  particulars* 
Kiivant*.  La  mouvamant  da  lacat.  qui  nt  da  fr*qu*nc*  double,  ast 
souvant  filtr*  au  point  d‘*tta  i pau  p.-*s  constant  Catta  frequence 
*tant  da  I'ordi*  da  1 Hz,  il  n'y  a run  d 'rtonnarit  * ce  qu'all*  iod 
filtr**  pat  Ta*rodynsmiqu*.  surtout  dans  das  mouvemants  da  grnnda 
amplitude.  Catta  particulars*,  introdiin*  sous  la  form*  *•  » cfa  dans 
la  models  d'Eular-Poinsot,  le  rand  irs*grabla.  avac  das  tolutiom  prati 
quamant  sirxjsoidalas  On  constate,  an  affat.  qua  las  c*ract*’*t  da  dent 
da  sci*  du  rouhs  at  da  mouvamant  cam'  du  tangage  s'att*nu*nt 
nattamant  FI,  Alphaiat 

La  vrill*  da  c*  darmar  avion  ast  p*rticuli*r*m*ut  mt*r*sxnte  sur  la 
plan  pratique,  car  I'importanc*  du  r*sidu  a*rodynamiqua  depend  da  la 
position  du  gauchissement  On  paut  done  dire,  invarsamant,  qua  I*  niveau 
d’agitation  ast  command*  par  I*  pilots  (dans  un*  carton*  mature)  Catta 
caracteristiqu*  pr*dtspox  I'Alphajat  a la  demonstration  das  vrilles  an  vol 

CONSEQUENCES  DE  TINT  RPRETATION  INERTIELLE 

Las  consequence:  da  catta  I nt*f [/*tit ion  sont  axtremamant  nom 
brausas.  tan*,  sur  1a  plan  theor.qu*  qua  pratique,  at  samblant  p*iuvoir 
concern*:  une  tr*v  grand*  population  dtviont,  qua  Ton  appellate  "dansas" 
oans  la  sunt  du  text* 

Ei'  m*camqua  du  vol,  on  paut  propoxr  un*  nouvall*  definition 
da  la  vrill*  das  eviont  dansas 

« Li  vrill * das  av/oru  danaas  asf  un  mouve.nent  orgmm)  pir 
/as  inlluerKat  inertielht,  it  perturb*  pit  I'Mrodymnvque  i 


L‘*tude  du  mouvamant  d Eular  Poirisot  dans  la  cas  general  montra  qua  la 
co mpo santa  martiall*  da  telles  vnllas  pau'  Sire  da  deux  tones,  salon  qu'il 
appzrtiant  * I'una  ou  I'autra  das  families  antourant  las  pdlas  dc  lacat  ou 
da  rouhs.  Dant  las  examples  cit*>  il  ast  manifest*  qua  la  vrill*  du  Jaguar 
ast  e predominanc*  da  lacat,  at  qua  la  vrill*  calcul**  du  FS  (fig  S)  ast  * 
predominance  da  rouhx 

La  cat  particular  ly  « 1*  m*ut*rait  un*  *tuda,  car  un  tal  avion 
pourrait  pr*sentar  un*  certain*  resistance  * la  vrill*.  accompagn**  dune 
tandanc*  aux  autotonnaaux 

0*  la  nouvell*  definition  da  la  vnlia,  d*coula  un*  nouvall*  definition 
da  la  phase  transitoir*  da  nvs*  en  vr  II* 

t L»  depart  in  vnllt  dts  avions  dentes  comapond  t h 

ni'tunci  <fun  coup/*  gymcopiqji  important  a 

Sur  la  plan  analytiqu*  on  paut  exprimet  la  parte  da  control*  comma 
t la  nnsunca  d'unt  divergence  antra  le  vecteur  moment  cmtttque  et  la 
vecteur  motion  : iL  A H ^ o>. 

En  cont*quance,  il  suffit  da  masurar  c*  produit  vectorial  pour  cr**r 
un  system*  d'alarm* 

Pour  la  protection  des  avions  dansas  contra  la  vrill*.  on  propose 
done  un*  solution  simpla,  qui  parmat  da  compansar  las  default  inherants 
* la  conception  das  avartissaurs  lies  * 1'incidance  La  calcul  du  produit 
vectorial  ci-dassus  Iqui  repr*xnta  las  couples  gyroacopiquas),  ast  tt*s  facia 
si  I'on  utilise  las  gyrom*tr*s  -f , g , r , qui  existent  sur  prasqua  tout  las 
avions  II  suffit  alort  da  determiner  an  vol  I*  sauil  * partir  duquel  on 
raglara  I’alarm*. 

On  paut  pansar  qua  caha-ci  surviandrait  b , tard  dans  'a  processus 
da  la  part*  da  contrdla.  Mats  l'analyx  da  tr*s  nom  beaux  assart  da  d*clan- 
ch*s  volontairas.  non  suivis  da  vrilla.  at  la  discussion  avac  las  pilot**, 
montrent  qua  la  dur*a  da  la  mix  an  vrill*  ast  lOuiours  'ongua  (par 
example  2*5  second**)  an  regard  das  deiais  da  hraquaga  das  command** 
de  vol.  On  paut  done  etp*.er  un*  (Hotactron  afftcaca,  * cond.tron  qua 
callaci  son  automatiqua. 

Sur  I*  plan  pratique,  la  notion  da  "tour  da  vnlle"  base*  sur 
l'int*gration  du  mouvamant  da  SL  sur  un  angla  da  2Tt  . pard  son 
mter*t  II  y a liau  da  la  ramplacar  par  la  notion  da  "cycla"  du  mou 
vamant  period iqu* 

La  problem*  das  sorties  da  vnlle  paut  *tre  envisage  sous  un 
annl*  rwivaau  Rt  un  avtnn  riimnnrrs  tins  vrilla  * fnrt*  comooXnta 
inartiella,  il  an  sortira  touiours  difficilamant  En  r*alit*.  la  sortie  n'ast 
porsibl*  qua  si  las  momantt  a*rodynamiquas  croitxnt  da  mtni*rt  * 
amortir  et  * fair*  "degenerar’  I*  mouvamant  J’Eular  Pomsot 

L'analyx  das  sorties  r*alies  montra  qu'un  certain  nombra 
d'avrons  pr*xntant  una  sortie  an  deux  tamos 

- transformation  d'una  rotation  * pr*dorr”nance  de  lacat 

liL  tovrne  autour  da  4a  ),  an  un*  rotation  * predominance  de  rouhs 
I .ft.  tourne  autour  de ^ * ), 

- amortissamsnt  du  mouvamant  da  rouhs 

Da  tall**  sorties,  appall***  autotonnaaux  trouvant  un*  explication 
martiatla  immediate,  par  rapport  * laquella  las  momantt  aerodynannquat 
louent  xiilamant  un  r6le  parturbataur  Iqui  co'iduit  parfoit  * I'entretivn 
uu  mouvamant)  En  particuliar.  las  moments  qui  font  converger  I* 
vecteur  XL  vers  I'exa  »'x  tendent  fvidarnr  rant  * accei*rar  la  rouhs 
(fig  15) 


Y Z 

Fig.  15  - v orin  de  vrille  tn  dvtotonrxzaux. 


CONCLUSION 

L'txp4n«ncc  fran^aise  portent  sur  dix  ins  d'essai*  at  d'utiltsation 
cits  avions  da  combat  montre  qua  ’a  risque  da  parte  d'avions  an  vrilla, 
actual  lament  peu  eiave,  pourrait  s'accro’trr  %*,n$  1‘avenir,  an  raison 
da  I'sugmentation  das  masses  at  du  nombra  das  configurations. 

Si  mu  I tar*  man  t,  las  systemas  da  protaction  presenter^  das  limi- 
tations da  parformancas  pour  das  rairons  fondamantalas  En  effet. 
i'viuuv  vnilas  u’aviom  recants  mono*  qua  >a  reference  a la  sauia 
detection  da  ('incidence  na  constitua  pas  una  garantia  contra  une  parta 
da  contrbla  etientieJ  lament  dua  au  d4valoppamant  d'un  mouvamant 
martial 

En  consequence,  on  propose  d'amthorar  la  prc:ecuon  das  avions 
dames,  an  compietsnt  las  avertisseurs  d'mcidence  actual,  par  un  detec- 
teur  da  couple  gyroscopiqua. 

Plus  generator  -nt.  on  intarpreta  I’antrea  an  vrilla  comma  una 
phase  da  voi  transitoire  au  cours  da  laquelle  sa  constitua  un  capital 
important  d'enargta  an  rotation,  <w.,t  I'origine  na  paut  4tra  qua  cine 
t»qua.  En  consequence.  I'etudw  da  la  resistance  I i'entr*e  an  vnlla 


paut  ttre  abordte  sous  un  angle  nouveau  ■ par  Ic  recherche  das  para- 
metres  qui  commardant  ca  transfart  d’6nergie  D'una  telle  etude, 
pourraient  decoular  das  explications  rationnallas  concernant  las  vnllas 
psaudo-oscillatoiras,  mais  non  parmanantas.  qua  la  module  martial 
pi  ose  na  permet  pas  d'aborder  diractamant. 

Egalamant,  una  explication  generate  da  la  mise  an  vrilla  pourrait 
etra  trouvee  an  charchant  A comprendre  la  coincidence  suivanta  pour 
I'organisation  da  leurs  vrillw.  tous  las  a*ions  cites  samblant  "choisir" 
parmi  las  mouvements  d’Eular-Pomsot.  caux  qu-  possedant  das  penodas  da 
i ordre  da  grandeur  da  3 secondes. 

Enfm,  si  I'on  admattatt  qua  la  phenomena  d'autorotation  aerody- 
namique  axista  pour  tout  avion,  on  pourrait  anvisagar  la  generalisation 
suivanta 

t La  vnllt  dt  tout  avion  tit  un  compromis  . fre  dtux  modVti 
txtrimts  : I'autcretation  atrodynanvqua  port,  at  It  mouvamtnt 
intrtftl  pur  salon  It  mod  ft  cTEultr-Poinsot  i. 

On  pourrait  a,ooter  qua  ca  compromis  *it  largamant  oriante  par  la 
"masse  specifiqua"  da  I'avion,  at  son  er.vergure. 
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SUMMARY 

Spin  characteristics  of  the  Hansa  Jet  from  calculation,  vertical  spin  tunnel  and  flight  have  been 
compared.  As  a result  of  tne  superstall  a special  form  of  Rat  spin  with  low  rate  of  rotation  is  obtained 
and  in  the  following  an  analysis  is  carried  out  and  various  recovery  methods  given. 

NOTATION 

A.  Geometric  and  mass  relationships 

X.Y.Z  longitudinal,  lateral  and  vertical  axes  of  aircraft 
b wing  span,  m 

c mean  aerodynamic  chord,  m 

5 wing  area,  m2 

I length  of  fuselage,  m 

d distance  of  anti-spin  'chute  from  tail  cone,  m 

R radius  of  c.g.  about  spin  axis,  m 

h altitude,  ft 

Ix.Iy.^Z  moments  of  inertia  about  X,  V and  Z bcdy  axes,  kg  • m2 

w aircraft  gross  weight,  N 

B.  Angular  relationships 

a angle  of  attack  at  c.g. , deg 

c<CLm0U(  angle  of  attack  at  maximum  lift  coefficient,  deg 

0 angle  of  sideslip  at  c.g. , positive  when  relative  wind  comes  from  right,  deg 

e angle  between  X body  axis  and  horizontal,  positive  when  aircraft  nose  is  above 

horizontal  plane,  deg 

$ angle  between  Y body  axis  and  horizontal,  positive  when  right  wing  ‘s  below 

horizontal  plane,  deg 

$a  aileron  deflection,  positive  when  right  aileron  down  (left  stick),  deg 

S9  elevator  deflection,  positive  with  trailing  edge  dowr,  deg 

Sr  rudder  deflection,  positive  with  trailing  edge  to  left,  deg 

iff  landing  flap  deflection,  positive  with  trailing  edge  down,  deg 

C.  Definition  of  aerodynamic  coefficients  and  derivatives 

Cm  pitching  moment  (*  M / S • q^-  c ) 

Cn  yawing  moment  (*  N / $ ■ ■ b/2  ! 

Cmf]  pitching  moment  due  to  sideslip  ( = i?Cm/  ) 

C ng  yawing  moment  due  to  sideslip  !=  cCn  /?!)  ) 

Cn^a  aileron  yawing  moment  effectiveness  l = JCn/  dda  ) 

C n£t  rudder  yawing  moment  effectiveness  (=  t’Cn /dSr) 

Cnr  yawing  moment  due  to  rate  of  yaw  (damping  in  yaw)  (=  TCn/Pi  r'b/ 2 V)  ) 

D.  Definition  of  rates 

v resultant  velocity  of  c.g. , EAS,  m/s 

vz  vertical  component  of  V,  EAS,  m/s 

Q rate  of  rotation  about  spin  axis,  radians/s 

p.q.r  components  of  Qabout  X,  Y and  Z body  axes,  radians/s 

E.  Miscellaneous  definitions 

2 

qB  dynamic  pressure,  N/n  2 (.i/2  /’-vM 

q*  effective  dynamic  pressure  at  antispin  devices,  N/m2 

p density  of  air,  kg/m2 

t time,  s 


1 5B-2 


c.g.  centre  of  gravity 

25  for  c.g.  at  25  % c 

E empennage 

F fuselage 

W wing 


1.  AIRCRAFT  DESCRIPTION 

Some  leading  particulars  of  the  aircraft  are 
shown  in  fig.  1.  The  forward  sweep  was  chosen  for 
structural  reasons  so  that  the  main  spar  of  the  mid- 
wing  installation  would  pass  behind  the  passenger 
cabin.  With  the  relatively  low  span  and  aspect  ratio 
destabilising  aeroelastic  effects  are  small.  An  aero- 
dynamic advantage  is  that,  for  approximately  the 
same  critical  Mach  No.  as  for  conventional  sweep- 
back,  separation  begins  in  the  wing  root  region. 
However,  in  order  to  maintain  a clean  flow  into  the 
engine  intakes,  this  separation  is  moved  outboard 
by  means  of  a short  leading- edge  slat  and  a 
boundary  layer  fence.  As  a result  good  behaviour 
in  roll  at  the  stall  is  achieved  together  with  satis- 
factory intake  flow  upto  and  beyond  rt'C|.(T1(ir- 


2.  SPIN  DATA  FOR  THE  HANSA  J ST 


moments  of  inertia  [itg-m?] 


Figure  1 ; l ending  particulars 
drawing  of  aircraft 
S *30  m* 
f>/2*6.73m 
c *2.43  m 
c.g.  at  14  to  ?#•/.? 


and  three-view- 

fa*  *<7.5* '0-22.5* 
fe**  20*  to -25* 
fr*±  25* 

<fl » 0*  to  60* 


2.  1 Accident  Flight 

During  the  stalling  tests  carried  out  to  ad- 
just the  anti-stall  system  (stick  shaker  and  pusher) 
for  certification  purposes,  an  aircraft  crashed. 

Fig.  2 shows  a trace  of  the  sequence  of  events 
As  a result  of  the  superstall  characteristic  the 
aircraft  overshot  to  the  lock- in  point  at«.r  — 60°. 
During  the  stable  superstall,  rotation  was  most 
probably  initiated  by  aileron  yawing  moment  since 
wind  tunnel  tests  show  that  the  controls  are  other  - 
wise  completely  ineffective.  Resulting  from  a nose 
up  gyroscopic  moment,  a flat  spin  with  argle  of 
attack  larger  than  that  of  the  lock-in  po'.nt  developed. 
An  anti- spin  parachute  had  no  effect  since  this  did 
not  emerge  from  the  aircraft  wake  and  wrapped  it- 
self around  the  tail.  The  opening  of  the  cabin  door 
before  the  exit  of  the  co-pilot  is  clearly  visible  from 
the  pressure  trace.  Although  the  pressure  trace  was 
regained  intact,  the  flight  recorder  box  containing 
the  spin  data  burst  on  impact  and  only  about  1.5 
turns  of  the  spin  could  be  retrieved. 

2.  2 Comparison  of  Spin  Data 

Fig.  3 shows  a comparison  of  spin  data  from 

- calculation  based  on  steady- state  wind  tunnel 
tests  and  estimated  damping  coefficients, 

- vertical  spin  tunnel  tests  on  a 1:25  model 
in  the  IMF  Lille, 

- flight  test  (accident  trace). 

Due  to  the  very  stable  pitching  moment  cha- 
racteristic at  the  lock-in  point  a slowl;  oscillating 
fla‘  spin  is  developed  in  the  region  .mp  — 55°  - 85°. 
Control  and  flap  positions  have  practically  no  effect 
on  the  coin  fcrm.  Also  investigation  of  c.g  a. id  mass 
distribution  in  the  vertical  spin  tunnel  way  b*  yond 
the  permitted  limits  showed  no  apprecable  effect  on 
the  spin.  It  can  thus  be  concluded  that  for  this  par- 
ticu'ar  type  of  flat  spin  with  low  rotational  velocity 


Figure  2.  Accident  trace  of  pressure  heignt  • 

W»70  k N;  c.g.  ot  22V.  T 
o noseboom:  » toitbcbm;  4 cabin  pressure 
events 
o ) buttei 
b ) tun  stall 

c ) spm  probably  pioduced  by  C n£0 

d)  drag  'chute  out,  no  ettect 

e)  cabin  door  opened 

t ) spin  data  only  retrieved  in  this  region 
g 1 V;*-42  m/s  T A S at  impact 
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the  superstall  characteristic  is  the  critical  factor.  The  Hansa  Jet  route*  at  a rate  of  one  resolution 
every  4 to  6 sec.  whilst  the  HS  Trident  with  similar  tail  geometry  rotates  at  1 rev.  per  6 to  8 sec.  [ l]. 
This  special  form  of  flat  spin  is  further  analysed  below  and  general  conclusions  are  drawn. 


F 


Figure  3:  Comparison  of  data  for  spin  !o  the  rlg'it 
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b)  Spin  cases  investigated 


conventional  longitudi- 
nal characteristics 

super-stall 

characteristics 

— _ JL 

- X - 

case©  satisfactory 
yaw  damping 
case©  insufficient 

yaw  damping 

case©  not  dependent 
on  the  yaw  damping 

c ) Characteristic  spin  data 
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Fiourr  4:  alDeveiopment  of  a super-stall ( Ja:£r;G-G*)and 
b)  super-stall  characteristics 
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4- 
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FigureS:  Development  of  spin  with  conventional  longitudinal 
characterstics;  Ja*0* 

— "steep"  with  satisfactory  yow  damping  and 

— "flat"  with  insufficient  ya^/  damping  beyond 


Figure  5 ■ Spin  cases  Investigated 
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3.  THE  EFFECT  OF  SUPERSTAL.L  ON  THE  SPIN  CHARACTERISTICS 


3.  1 The  Superstall  (tig.  4) 

The  superatall  occurs  when  a high -mounted 
tailplane  eg.  T-tai1  ,’s  enveloped  to  a greater  or  les- 
ser extent  in  the  separated  wing  wake  produced  by 
the  initial  stall.  This  separated  wake  can  be  ampli- 
fied by  rear- fuselage  mounted  engine  nacelles  and 
its  core  can  contain  reversed  flow.  The  lailplane 
which  at  high  incidence  normally  produces  a nose- 
down  pitching  moment  is  then  ineffective  or  actually 
produces  a destabilising  moment.  An  aircraft  which 
either  through  stall  or  overshoot  enters  the  nose -up 
pitching  moment  range  rapidly  increases  its  angle 
of  incidence  until  it  reaches  a stable  trim  condition 
in  the  extreme  stalled  region  {lock-in  point  eg.  at 
ot  * — 60°).  The  elevator  power  available  is  then 
usually  insufficient  for  recovery. 

3.  2 Spin  Cases  Investigated  (fig.  S) 

Three  typical  cases  of  spin  have  been  investi- 
gated and  the  rerultc  from  calculation,  vertical 
spin  tunnel  and  flight  compared: 

case®:  steep  spin  with  conventional  ie.  stable  up 
to«(r*90o,  pitching  moment  curve  and 
adequate  yaw  damping,  ace  tig.  9. 


case 


®"T 


^primary  I 
entry  ™T~" 

*-super-.*^econdary 


spin- 


Sr 


left 


stall  1 entry 

r!g& tr-r-H-i- _ t.-z 


- spm- 


up 


■H 


V 

[m/s] 


too 
80 
60 
A C 


I 


for  oil  control 
deflections 
recovery  only 
possible  by 
means  of 
auxiliary  device 
producing  nose- 
down  moment 


case®:  flat  spin  also  with  conventional  pitching 
moment  curve  but  insufficient  yaw  dam- 
ping, see  fig.  9. 

case®:  flat  spin  resulting  from  superstall.  This 
is  independent  of  yaw  damping. 


Figure  7:  Development  of  spin  with  super-stall  characteristics 
— "flat"  with  primary  entry  immediately  after 
the  stall  and 

"flat"  with  secondary  entry  from  a locked-ir 

super-stall,  e.g.  by  aileron  deflecliontCn^) 


Only  similar  o.g.  positions  in  the  normal  range 
eg.  25  %c  have  been  investigated. 

A further  case  with  c.g.  lieing  too  far  aft  so 
that, even  with  a conventional  pitching  moment  cha- 
racteristic and  satisfactory  yaw  damping, a flat  spin 
is  produced  has  not  been  considered. 

3.  3 Effect  of  the  Superstall  Characteristic 

An  aircraft  with  conventional  longitudinal 
characteristics  can,  dependent  on  the  rotational 
velocity  and  therefore  yaw  damping  in  the  stalled 
region,  enter  a steep  or  a flat  spin,  fig.  6.  However 
for  an  aircraft  with  cuperstall  characteristics  only 
a flat  spin  is  possible  with  either  primary  entry 
immediately  after  the  stall  or  secondary  entry  from 
the  trimmed  superst'dl  condition,  fig.  7.  This  is 
determined  mainly  by  the  aerodynamic  pitching 
moment  ie.  by  the  equilibrium  of  moments  about 
the  Y-axis.  Since,  in  the  normal  spin  range,  the 
gyroscopic  moment,  (Iz-Lc)-  r-p,  acts  in  the  nose-up 
sense,  equilibrium  can  only  by  reached  alter  the 
trimmed  superstall  condition  when  a stable  (nose- 
down)  pitching  moment  characteristic  is  again 
achieved,  fig.  6b.  As  a result  of  the  pitching  moment 
due  to  sideslip  in  the  spin  the  trimmed  condition 
moves  somewhat  to  the  left.  It  then  has  to  be  estab- 
lished if  spinning  is  possible  at  incidences  above  the 
trimmed  condition  and,  if  bo, whether  it  is  steady- 
state  or  oscillatory.  In  contrast  to  the  conventional 
flat  spin,  fig.  8a,  it  is  not  necessary  to  overcome  a 
large  aerodynamic  pitching  moment  in  order  to 
achieve  the  flat  attitude  and  a small  gyroscopic 
moment  with  low  rotational  velocity  is  sufficient  for 


a)  ¥ 


FigureS:  Balance  of  aerodynamic  (®)ond  gyroscopic 
moments  (8)  about  the  V axis  for  typical  spins 
a)  with  conventional  longitudinol  characteristics 
"Steep"with  satisfactory  yaw  domping®and 
"flat"  with  insufficient  yow  dcmping®(vfig9) 
bl  ’fiot  with  super- stall  characteristics® 
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equilibrium  conditions.  According  to  [2]  the  rotational 
velocity  can  be  expressed  as: 

( i-Z  - 1x1  sin®  ' cos®  ' c°*$ 


For  the  steady-state  flat  spin,  the  longitudinal 
damping  c r n ts  neglected  since  q=0  , the  elevator 
power  it:  almost  zero  and  experimer's  show  that  the 
angular  attitude  (or  conventional  flat  cpiu  and  flat 
spin  with  supers'all  is  practically  the  same.  Thus, 
for  approximately  equal  mass  distributions,  differen- 
ces in  rotational  speed  can  only  result  from  the 
dissimilar  pitching  moment  curves,  (compare  fig.  5, 
case  ©and  © ).  From  the  above  equation  SI  is  then 
approximately  proportional  toW.  For  the  aircraft 
considered  here,  the  aerodynamic  pitching  moment 
in  the  case  of  the  conventional  flat  spin  is  around 
ten  times  larger  then  that  for  the  flat  spin  with  super- 
stall, fig.  8.  Consequently  the  ratio  of  rotational 
velocities  is  of  the  order: 


S'iconv. 

&sup.st. 


Mconv. 

M sup.  st. 


3.  4 Effect  of  the  Lateral  Characteristics 

According  to  investigations  such  as  those  in[3]i 
unintentional  primary  entry  is  practically  impossible 
for  the  Hansa  Jet.  The  aileron-alone  divergence 
parameter  and  Cng^,,  indicate  that  there  will  be  "no 
departures",  which  is  in  agreement  with  the  sepa- 
ration characteristics  alre-.dy  described  in  section  I, 
(compare  fig.  1 ). 

Secondary  entry  as  a result  of  aileron  yawing 
moment  (see  figs.  7 and  9)  or  some  other  disturbance 
is  highly  likely;  rudder  deflection  at  such  high  values 
of  incidence  is,  however,  usually  ineffective.  Much 
smaller  excitations  are  requir  :d  than  for  primary 
entry  since  the  directional  stability  and  the  yaw 
damping  at  the  trimmed  superstall  condition  are  also 
much  smaller,  fig.  9.  Since  the  fin  makes  the  prima- 
ry contribution  to  both,  an  increase  of  incidence 
causes  either  a gradual  or,  where  shielding  occurs, 
a rapid  reduction  in  those  characteristics.  In  this 
connection  the  T-tail  is  usually  advantageous  in  that 
the  rotational  velocity  in  the  case  of  the  flat  spin  is 
kept  small. 

In  contrast  to  the  conventional  flat  spin  (case©) 
which  is  caused  by  the  high  rotational  velocity  resul- 
ting from  low  yaw  damping,  the  flat  attitude  of  the 
superstall  spin  is  not  influenced  by  the  yaw  damping 
(section  3.  3).  In  that  case  the  yaw  damping  can  only 
influence  the  spin  equilibrium  through  the  rotational 
velocity  within  a relatively  small  range  of  incidence 
abovi  the  trimmed  superstall  condition. 


steep  spin  flot  spin 


Figure  9:  Aerodynamic  derivatives  about  the  2 a»is 
lor  spin  cases©.©  and© 

(valid  lor  alt  coses  except  where  shown) 


Figure  10:  Summary  of  some  anti-super-stoll  and 
anti-spn  devices 


The  upper  limit  of  this  region  in  the  steady-state  case  is©  ■ 0°  ie.ots  90°.  As  with  the  damping,  the 
excitational  moments  at  large  incidence  are  usually  small,  fig.  9,  because  during  a flat  spin  both  wings 
are  operating  well  above  where  the  normal  and  tangential  force  coefficients  change  little  with  inci- 

dence. 


3.5  Possible  Recovery  Methods 

With  an  aircraft  which  enters  a flat  spin  as  a result  of  an  unstable  superstail  characteristic,  the 
only  sure  way  to  effect  recovery  is  normally  by  influencing  the  longitudinal  motion  (ACm).  Modification  of 
the  lateral  motion  (A Cn  ) which  is  normal  for  steep  spins  nnd  can  also  be  used  for  conventional  flat  spins 
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produces,  at  best,  a return  to  uncontrollable  superatall  with  the  possibility  of  renewed  spin  entry. 


Howev  r since  the  elevator  is  no  longer  sufficiently  effective,  fig.  4b,  auxiliary  devices  are  neces- 
sary, fig.  10,  to  produce  a nose  down  moment.  These  devices  differ  in  their  effectiveness  anfi  reliability, 
ttg.n,[4]. 


I 


t 

i 
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The  parachute  configuration  requires  an  extension 
foul  the  trailing  edge  of  the  elevator.  In  addition  an 
ejection  device  is  essential  since  the  closed  'chute 
mrst  be  shot  out  to  a distance  of  at  least  d ■ 2 l . 
Whether  the  'chute  will  then  effectively  open  in  the 
wake  turbulence  is  uncertain.  At  smaller  distances 
the  'chute  is  dragged,  by  means  of  the  reversed  flow 
in  the  separated  wake  of  the  wing,  back  towards  the 
aircraft. 


Current  off-the-shelf  rockets  hove  the  disadvan- 
tage of  insufficient  control  over  their  thrust  and  its 
Juration.  This  control  is  necessary  since  the  recove- 
ry time  for  a spin  and  a superstall  having  the  same 
nose-down  additional  moment  requirements  is  in  the 
ratio  3:1.  For  this  reason  a flexible  lifting  surface, 
called  Paratail,  has  been  used.  Over  itr  entire 
operational  range  this  lies  in  the  full  dy  la  nic  pres- 
sure. It  delivers  an  additional  moment  dependant  on 
incidence  and  can  be  designed  to  produce  its  maxi- 
mum nose -down  moment  to  coincide  with  the  maximum 
nose-up  tendency  of  the  aircraft,  tig.  lib.  After 
passing  through  zero  ACm  to  smaller  angles  of  inci- 
dence it  provides,  by  means  of  the  supported  fabric 
sunace, a pull-out  tendency  and  produces  a minima! 
out-of-<rim  moment,  fig.  13  and  14. 

In  the  case  of  spin  a nose -up  gyroscopic  com- 
ponent is  present  and  therefore  the  additional  nose- 
down  moment  supplied  by  the  auxiliary  device  must 
be  appreciable  larger  than  the  nose-up  moment  due 
to  the  superstall.  This  requires  an  increase  in  the 
recovery  effectiveness  e^.  1.5  times  that  necessary 
for  the  superstall  case.  Because  secondary  entry 
can  occur  so  easily  (section  3.4),  it  follows  that  the 
auxiliary  device  must  be  laid  out  for  the  spin  case. 

The  minimum  requirements  for  recovery  from  the 
spin  are  generally  accepted  a»  being  2.  5 turns 
after  operation  of  the  control  or  auxiJary  device, 
fig.  12.  Should  the  auxiliary  device,  however,  not 
function  in  a superstall  the  crew  must  escape  from 
the  aircraft  (preferable  in  the  clean  configuration) 
without  attempting  any  roll  or  yaw  manoeuvres.  This 
is  because  escape  from  an  aircraft  which  is  not  ro- 
tating is  far  safer  than  from  one  which  is.  In  a super- 
stall,  crew  and  aircraft  separati  both  horizontally 
and  vertically  whereas  in  a fully  developed  spin  only 
vertical  separation  is  possible. 


4.  CONCLUSIONS 

The  flat  attitude  of  the  n,  v,  ith  superstv.ll  is 
not  determined  by  the  yaw  damping  but  by  the  un- 
stable pitching  moment  curve.  Therefore  in  the 
steady-state  case,  equilibrium  conditions  are  only 
possible  between  the  trimmed  supersta’l  condition 
appropiate  to  the  given  sideslip  atiglc  snd  <*p  » 90°. 
The  yaw  d.-:nping  can  therefore  only  ef'ect  the 
equilibrium  state  throu^;-  the  roiftiona.  velocity 
w.thin  that  range  of  incidence.  Die  to  ihe  generally 
favourable  yaw  damping  quclitiee,  of  T-tail  configu- 
rations at  large  incidence  the  rotational  velocity 
usually  remains  small.  On  the  other  hand,  due  to 
the  superstall  characteristic,  a high  rotational 


on  the  tail  cone  since  otherwise  the  lines  will 
o) 


Figure  11: a) Dynamic  pressure  at  the  auxiliary  devices. 

>) additional  pitching  moments  oroduced  by 
Ihe  devices,  based  on  aircraft  S andf. 
o pcrochule.  x rockets.  A paratail 


number  of  tarns  after  full 
deployment  of  auxiliary  devices 


Figure!?:  Development  of  spin  recovery  using  nuxiliory 
device!,  for  nose -down  pitching  moment; 
fiat  spin  case  (j) 

(for  ell  Initial  control  and  hap  deflections) 
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velocity  is  not  necessary  for  the  flat  attitude. 

It  has  been  determined  that,  for  the  flat  spin  with  superstall,  both  primary  entry  immediately  after 
the  stall  as  well  as  secondary  entry  from  the  trimmed  superstall  are  possible.  Secondary  entry  can  be 
provoked  by  disturbances  much  smallerthan  those  necessary  for  primary  entry  because  here  the  direc- 
tional stability  and  yaw  damping  are  much  smaller.  The  only  sure  way  to  effect  recovery  with  an  aircraft 
that  enters  a flat  spin  as  a result  of  a superstall,  is  to  alter  the  longitudinal  motion. 


Deep-stall  disaster.  Points  from  the  report  on  the  Trident  test-flying  accident 
in  1966.  Flight  International,  28  Nov.  1968,  pp.  909-911. 

Trudelbeeinflussung  durch  "Supersti<ll"-Charakteristik  (Spin  characteristics 
resulting  from  the  superstall).  Zeitachrift  fOr  Flugwlssenschaften,  20  (1972) 

Heft  11,  pp.  414-421;  (in  German). 

Preliminary  criteria  for  predicting  departure  characteristics/spin  susceptibility 
of  fighter -type  aircraft.  Journal  of  Aircraft,  Vol.  10,  No. 4,  April  1973, pp,  214- 
219. 

Entwicklung  einer  Spreizflosse  als  Antisuperstall -und  Antitrudelhilfseinrichtung 
(Development  of  a paraiail  as  an  anti-stall  and  anti-spin  auxiliary  device). 
Fachtagung  Aerodynamik,  Berlin  1968.  DGLH-Fachbuchreihe  Band  3 (1969), 
pp.  43.1  - 43.  36;  (in  German  ). 


Figure  13  :•  Sidevitw  of  extended  porotoil 
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Figure  14  : Rearview  o'  extended  porotoil 
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RESUME  t 


Una  campagne  d'essais  da  vrille  nocessite,  da  I.-  ^art  d'un  centra  d'Essals  an 
Vol,  d'una  part  la  mlsa  an  oeuvre  da  moyens  blan  spAc i f iques , d'autra  part  1 ' appllcat Ion 
d'une  methods  da  travail  capable  da  conciliar  las  impAratifs  d'efficacitA  at  da  sAcuritA 
dans  un  domaine  ou  la  comportement  da  l'avion  na  peut  pas  encore  8tr>  prAdit  da  faqon  ri- 
goureuse . 


Ca  papier  presents-  caa  moyens  at  cetta  mAthode  tals  qu'ils  sont  envisages  k 
l'haiira  actualla  aux  Avions  Marcel  Dassault  - Drogue t Aviation.  Las  moyens  au  sol  (tAlA- 
mesure , exploitation  an  tamps  rAel  at  an  temps  diffArA)  at  sur  avion  ( amAnagements  das 
syst&mcs,  cameras...)  sont  dAcrlts  at  commentes.  Ln  presentation  da  la  methods  da  travail 
sera  faite  an  sa  rAfArant  au  cas  da  1 • ALPHA-JET  t 1 ’ importance  dee  assais  prAliminaires 
an  soufflarie  at  la  progression  logique  das  assais  saront  soullgnAs.  Enfin,  on  donnera 
qualques  rAsultats  obtenus  lors  das  campagnos  las  plus  rAcentee  t durAe  da  la  campagne, 
nombra  da  vols,  etc... 


PREFACE  l PHILOSOPHIE  DES  ESSAIS  DE  VRILLE 


Las  assais  da  vrille  tiannant  una  place  particulars  parmi  tous  las  assais  aux- 
quals  eat  soumis  un  avion  prototype.  En  effet.,  ils  r,nt  pour  cnrnc t Arist ique  d'emmanar 
l'avion  on  dehors  da  son  domains  da  vol  normal,  1 k ou  1'ingAnieur  na  salt  pas  (encore) 
prAdire  avac  exactitude  la  comportement  da  l’apparuil  pa”  la  calcul  (ce  qu'il  pretend  sa- 
volr  fairs  partout  aillaurs),  at  1&  ou  la  piloto  dolt  oubller  certains  rAflexes  normaux 
da  pilotage  at  analyser  las  phAnomfcnca  tout  en  Atant  soumis,  parfois,  k un  traitament  se- 
vere da  la  part  do  .!  'avion.  D'autra  part,  plus  qua  l'obtention  da  rosultatr  relatlfs  k 
1 ' a Arodynamique , la  out  da  cas  assais  cst  d'aboutir  k tins  description  complete  de  l'avion 
on  vrille  k 1 'usage  das  pilotes  an  formation.  II  no  faut  done  pas  perdre  de  vue  las  A1A- 
ments  importants  pour  cas  pilotes  s comportement  das  sys^Ames  at  des  moteurs,  accelera- 
tions at  rotations  peut-Atre  desoriantantas , description  de  1a  planche  da  bord  pendant 
la  phenomena,  problimes  d'Ajection  6ventuelle,  at  bion  stir,  consignes  de  sortie.  Las  mA- 
thodes  at  las  ir.oyans  d'essais  dolvant  AtVa  adaptAs  k cas  caracterlstiquas  at  k cas  buts 
das  assais  da  vrille. 

Qua  souhaite  le  pilots  d'assais  ? D'abord  la  connaissanca  la  plus  approXondie 
possible  de  ce  qui  va  sa  passer.  En  particulier  11  prand  connaissanca  des  r6sultats  des 
assais  pr6liminaires  on  soufflarie  at  das  consignes  issues  da  cas  r6sultats.  Ensuite,  un 
avion  dont  la  miss  au  point  initials  ast  terminAe.  Enfln,  una  instrumentation  part iculiere 
qui  lui  permette  d'una  part  d'6x6cuter  las  manoeuvres  prascrites  avac  precision,  d'autra 
part  de  dAcrire  ca  qui  sa  paces  k 1'ingAnieur. 

Quo  souhaite  l'ingeniaur  ? D'abord  ca  qua  souhaite  le  pilota  ! Ensulto  ano  ins- 
tallation au  sol  qui  lui  permette,  an  tomps  real,  pendant  l'essai,  de  visuallser  at  da 
chiffrar  le  miaux  possible  le  comportement  do  l'avion,  at  d'Atablir  un  dialogue  fructu- 
oux  avac  la  pilota.  Enfin,  dvs  installations  da  traitament  au  aol  qui  l'aidaront  k ana- 
lyser las  phAnomtnes  an  tamps  diff6r6,  at  A las  dAcrire  aux  utilisateurs  future, 

Cas  considerations  permattant  da  dAgager  las  points  importants  das  assais  de 
vrillo  t etude  pr6llminaire  en  soufflarie,  instrumentation  da  l'avion  an  vol  at  au  sol, 
equipes  pilotes  - IngAnieurs  bian  r> d6es  pour  le  maximum  d'efficacitA  an  tamps  rAel. 

L' INSTRUMENTATION  DE  L'AVION 

La  planche  da  bord  eat  entlArement  rafondua  pour  las  assais  da  vrille.  En  ef- 
fet, sont  fournl.s  au  pilota,  par  1 ' in termAdlaire  d ' indies teurs , an  dehors  das  instruments 
habituels  au  pilotage  i 

- las  positions  da  gouvarnas  i 3 inlienteurs  supplements ires  dans  la  cas  da  1 'ALPHA-JET 
par  example, 

- l'inctdence  "girouette"  l l'avion  ast  muni  d'una  girouette  d' incidence  pour  las  grands 
angles,  situAr  sur  la  c8tA  oppnsA  k la  sonde  d'incidanca  normals.  Catta  girouette  ast 
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raliA*  A un  indicataur  graduA  d#  -90*  k ♦ 90 *. 

La  planch*  d*  bord  Atant  filmA*  pendant  lea  *asaiat  l*a  instruments  int^raa- 
aanta  aont  ragroupAs  dan*  1*  champ  daa  camera*.  On  y trouv*  la  boul*.  1 'anAmomachniAtre 
at  l 'altimAtra,  avac  parfoi*  un  inalcataur  du  aana  da  vrill*  (JAGUAR),  at  un  indicataur 
da  vitaaa*  aanaibl*  (JAGUAR).  Dan*  la  "*i  da  l'ALPHA-JET,  on  trouv*  auaai  la*  paramAtras 
da  curve i llar.ca  daa  motaura.  Particulierament  importanta  pour  1*  pilots  aont  laa  indica- 
taur* da  poaition  dat  gouvarnaa  i 11*  ont  parmia,  dnna  la  caa  da  l'ALPHA-JET,  d'Atudiar 
l'influanc*  daa  braquagaa  partial*  du  gauchiaaamant . GrAc*  A 1 ' indicataur , 1*  pilot* 
paut  affichar  avac  prAcision  1*  braquaga  k Atudier. 

En  dahor*  daa  inatrumanta  da  contrfil#  da  vol,  lea  command#*  at  contrSlaa  da 
1 ' installation  d'aaaaia,  at  las  commands*  at  contr&les  das  syatAmas  avion  lntrodultes 
*pAc ialrment  pour  tea  easais  da  vrill*  aont  regroupAe*  aur  un  pannaau  "vrillaa"  da  fa- 
5on  k c*  qua  1*  pilot*  n'ait  paa  k diaparaar  aon  attention  k droite  at  k guucho,  avant 
at  pendant  l'assai.  C'aat  ainai  qua  dans  1*  caa  du  JAGUAR,  par  example,  on  trouve  re— 
groupAs  aur  le  pannaau  "vrillaa",  k la  place  du  viaaur  t la  commande  du  parachute  antl- 
vrillaa,  la  coauaand*  at  la  signalisat ion  "viruraa",  las  commande*  du  systAm*  "Alactrici- 
tA",  la  command#  du  varlataur  da  oensibilitA  da  direction,  la  commande  du  fumlgAne,  la 
command*  da  dAaambuag*  sacoura,  la  coauaand*  dar  camAras,  laa  commands*  radio,  la  com- 
mand* das  bleed-valve* , S'ajoutant,  bian  antandu,  las  diverse*  commande*  du  ayntAme  do 
transmission  at  d'anragiatramant  do*  donnAas  t tAlAmaaura,  anregiatreurs  magnAtiques  at 
photographiquas  ambarquAs. 

Tout**  caa  commandos  auppl Amantaires  aont  liAea  k daa  modifications  das  sys- 
tAmas  da  l'avlon,  qui  ont  pour  but  d'amAliorer  la  sAcuritA  tant  an  ce  qui  concern*  las 
sorties  do  vrillaa  que  las  Avantuallas  pannes  motaura.  Le  sulvi  da  l'avion  eat  Agala- 
mant  ranforcA  pendant  lea  aasaia  da  vrillaa.  Ces  points  aont  conmentAi  ci-dassous  an 
pranant  1 'example  du  JAGUAR  (un*  installation  analogue  Atant  d'ailleurs  raconduite  aur 
tous  lea  »v ions  prAsantant  daa  carac t Arlstiquea  analogues  k cellao  du  JAGUAR,  an  parti- 
culier  *r.  c*  qui  concern*  las  motaura). 

MODIFICATIONS  DU  SfSTEME  "HYDRAUL1QUE" 

L'axtinction  possible  das  daux  motaura  en  cours  da  vrille  a conduit  k monter 
un*  Alec tro— pomp#  supplAmentaira  aur  la  circuit  1,  1 ' Alec tro-pompe  normal*  de  l'avion 
Atant  sur  1*  circuit  2.  Caa  deux  Alec trc-pnmpea  aont  alimentAes  par  das  batteries  dis- 
tinct**. Das  accumulataura  aupplAmantairea  ont  AtA  montAs  en  amont  des  servo-commandes 
das  empennages  sur  chaque  gAnAration  (plancha  l). 

Sur  la  circuit  2,  1 ' Alec tro-pompe  a un*  commande  classique  par  un  interrupteur 
k troia  positions  ARRET  - AUTO  - MARCHE.  La  position  normal*  en  vol  eat  "AUTO",  e'est- 
A-dira,  qu'all*  s*  mat  en  rout*  lorsque  la  pression  chuw  an-dasaous  da  100  bars.  Ella 
eat  capandant  mise  aur  "MARCHE"  pendant  las  easais  da  vrilles.  Un  voyant  aituA  au-dessus 
da  1' interrupteur  s'allume  quand  all*  ast  alimentAe  Alec triquemant . 

L' Alac tro-pompe  1 ast  commandA*  par  un  interrupteur  k daux  positions  ARRET  - 
MARCHE.  Ell*  ast  aystAmatlquemant  rats*  sur  "MARCHE"  par.  lant  les  esaaia  de  vrillaa,  un 
voyant  aituA  au-dassu*  do  1 ' interrupteur  aigna.  ant  quand  alio  ast  alimantA*  Alectrique- 
mant.  L' indicataur  da  press  ions  hydrauliquaa  e»  position  "s*rvo-coa*aand*s"  donna  le* 
praauions  aprAs  Its  accumulataura . 

MODIFICATION  DE  LA  GENERATION  ELECTRIQUE 

Lea  avatAmoa  Alactriqua*  aont  Agalement  modifiAa  par  l'adjonction  da  battariaa 
■upplAmantairaa . C'aat  ainai  qua  »ur  1*  JAGUAR,  daux  battariaa  supplAmantairas  ont  AtA 
montAas  do  fa$on  A palliar  A la  parte  de  daux  transfo-radraaaeur*  (planche  2). 

Sur  1 ' ALPHA -JET , il  y a un*  battari*  aupplAmantaire,  at  la  posaibilitA  da  dA- 

couplar  deux  barras  bus  couplAes  en  temps  normal.  Le*  command#*  da  ces  systAmes  aont 
groupAoa  aur  1*  panneau  "vrillaa*’  (planch*  3). 

AUTRES  SYSTEMES  SU.TLEMENTA  IRES 

- Viruraa  t 

II  a'aglt  da  petit**  surface*  horizontal**  placAea  aur  le  nac  da  l'avion.  Caa 
surfaces,  amoviblea  aur  1*  JAGUAR,  fixe*  aur  la  version  ECOLA  da  l'ALPHA-JET,  ont  pour 
but  da  diminuar  las  agitations  at  da  randr*  les  sorties  plus  pur-*. 

- Parachute  i 

Saul  le  JAGUAR  a AtA  AquipA  d un  parachute  ant i-vr illea , A la  place  du  para- 
chute fra in  normal.  Ce  diapoaitif  n'a  pas  *u  A *tr#  utilisA  pendant  las  aasaia  du 

JAGUAR  monoplace.  D'un*  fa;on  gAnArale,  on  craint  das  difficultAa  possibles  au  largage, 
at  on  Avita  de  le  monter  (avac  l'agrtmant  de  la  sotsf fieri* ) . 

- Radio  < 


Le  voix  du  pilot#  passe  on  pamananco  par  1 ' intermAdia ' i a du  system*  da  tAlA- 
masui'a.  La  pilot*  paut,  de  plus,  communlquar  uvec  1*  sol  par  1 • intermAdialre  de  daux 
post**  da  r„dio  dont  las  alimentations  font  sAparAes. 
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- DAsembusge  t 

I-es  avion*  aont  munis  d'une  soufflante  A air  chaud  pour  1*  dAsembuage  das 
glaces  frontales. 

- AnAmomAtrls  at  incldanca  t 

En  dohors  das  girouattas  d'incidanca  at  da  dArapage,  AtalonnAee  an  aouf fieri# 
(FI  at  JAGUAR),  on  paut  trouvar  das  dispoaitifs  plus  AlaborAs  t c'ast  ainsl  qua  la  FI 
Atalt  muni  d'una  perchatta  A una  totala  at  statiqua  "multi-trous" , ainsl  qua  d'une 
couronn*  da  12  prlsas  statiquas  an  nrriAre  da  la  points  da  nez  (Atalonnage  an  souffla- 
rie).  La  statiqua  dite  "multi-troua"  (12  trous  au  lieu  da  k ) permat  d'avoir  una  prise 
pour  laquelle  l'arraur  na  depend  qua  de  l'nngle  du  vactaur  vitasae  avac  l'axa  da  la 
perchelte,  La  couronne  en  arri ire  du  net  asaoci 6a  A cetta  perchrtte  permat  da  calcu- 
lar  1' incidence  at  la  dArapage  suns  ttre  g#nA  par  un  masque  eventual  comma  c'ast  la 
cas  pour  das  girouettes. 

Outre  ces  modifications  relatives  aux  systAraes,  l'avion  doit  racavoir  une 
installation  d'essais  adaptive  aux  problAmes  de  suivi.  C'ast  alnsi  qua  l'on  trouva  las 
dispoaitifs  suivants  t 

- FumigAne  i 

Les  avion*  an  vrille  sont  f limes  depuis  le  sol  par  dws  camera*  A longue  fo- 
cal* ( 1000  »t  i200  mm).  L' acquisition  eat  facilitAe  par  l'cmission  da  fumAe  un  peu 
avant  l'essai.  Le  syotAme  comports  un  reservoir  d'huile  de  3G  1 environ,  une  bouteil- 
le  d 'azote  gonflAe  A 1 50  bars,  un  detondeur,  un  Alectro-robinet  at  une  bus*  de  sortie 
dans  le  Jet  d'air  d'un  reacteur. 

- Cameras  t 

Las  avions  destines  aux  essais  de  vrillas  sont  AqulpAs  de  deux  groupts  da  ca- 
meras i deux  cameras  qui  filment  1 'horizon,  at  deux  cameras  qui  filment  la  plancho  de 
bord  A travers  das  tubes  optiquas. 

L'autonomie  de  cheque  camera  est  da  deux  minutes  et  dami,  ce  qui  fait  une  au- 
tonomia  totala  de  cinq  minutes. 

Cheque  assal  est  done  filmA  par  quatre  cameras  j planche  de  bord  at  horizon 
sur  l'avion  lui-m8me,  avion  d ' accompagnement , et  camera  sol.  Les  films  obtenus  sont 
destines  A montrer  aux  pilotes  en  unitA  les  attitudes  de  l'avion  et  les  indications 
lues  sur  la  planche  de  bord  pendant  les  vrilles. 

- Repondeur  radar  : 

Get  appareil  facilite  1 ' acquisi t ion , le  suivi,  et  lo  pos i t ionnement  precis  de 
l'avion.  Les  essais  de  vrille  sont  en  effet  initios  en  un  pcint  precis,  situA  A quel- 
ques  nautlques  du  terrain,  au-dnssus  d'une  zone  inhabltAe,  Le  radar  permat  ce  poartl- 
onnement  et  fournit  ensuit*  les  tra Jec to  ires  . 

Les  paramAtres  traltAs  par  1 ' ins talla t ion  d'essais  sont  tranumis  par  l'inter- 
mAdiaire  d'un  emetteur  relie  A deux  antennes  disposAes  sur  la  point*  avant,  A 90*  l'une 
de  l'autre. 


Le  fait  d'avoir  deux  antennes  permet  de  recevoii  le  signal  au  sol  dans  dc  bon- 
nes conditions  malgrA  les  attitudes  inhabi tuelles  de  l'avion.  Les  paramAtres  les  plus 
importants  sont  passes  par  voie  continue,  les  autres  sont  commutes  (deux  ou  trois  rommu- 
tateurs ) . 


II  exist*  de  plus  un  enreglstreur  magnAtlque  embarquA  sur  lequel  on  trouve  les 
commute teurs , la  voix  du  pilote,  la  base  de  temps  embarquA  et  des  paramAtres  relatifs 
aux  qualltAs  de  vol  t presslons  totalo  et  de  reference,  assiettes  et  cap,  vitesses  an- 
gulaires,  Des  enregistreurs  photographiques  sont  affectAs  Aventuellement  A l'examen  dA- 
taillA  du  comportement  des  moteurs. 

L’ INSTALLATION  DE  SURVEILLANCE  aU  SOL 


Un  nombr*  important  de  paramAtres  sont  prAsentAs  directement  { ©n  continu)  sous 
les  yeux  d*  1'ingAnieur  d'essais  chargA  du  vol  i altitude  et  vitesse,  position  des  com- 
mand**, vitesses  angulaires,  incidence,  voynnts  de  fonc t ionnement  des  camAras  et  des 
Alec tro-pompes . Une  visualisation  fcrAs  utile  est  rAalisAc  grSce  A un  electroscope  A mA- 
moire  Tektronik  611.  Get  appareil  permet  de  suivre  InstnntanAment  l'Avolution  de  plusi- 
eurs  paramAtres  cu  cours  de  la  vrille,  1'lngAnieur  Atant  alors  capable,  dans  certains 
cas,  de  discerner  avant  le  pilote  l'Avolution  vers  la  sortie,  par  exemple,  et  de  dormer 
des  indications  en  consAquence.  Les  paramAtres  visualises  sont  1 'accAloral ion  longitu- 
dinals, 1' incidence  et  les  vitesses  angulaires  d©  roulis  et  de  lacet,  D'autres  pupitres 
comportent  les  cadrnns  et  les  voyants  uffectAr  a la  surveillance  de  la  c onf igura t ion 
(bees,  volets,  virures,  parachute,  etc,..)  et  des  moteurs,  Enfin,  on  peut  tracer  en 
temps  rAel  Jusqu'A  vlng  paramAtres  sur  un  enrogistrour  A ultra-violets. 

A cette  installation  dt  surveillance  s'ajoutent  les  appareils  de  traitement 
ot  de  stockage  des  donnAes,  avec  edition  pendant  le  vol  d'un  listing  et  de  tracAs. 
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Cas  point*  sont  abordfea  dan*  la*  paragraph**  suivanta. 
CONDUITE  DES  ESSA1S  DE  VRILLES 


La*  a**ai*  da  vrillaa  d'un  avion  da  combat,  pri*  dan*  un*  configuration  don- 
no*  , aont  toujour*  ragroupfes  an  un*  campagn*  qui  doit  fetr*  evidaaaaant  la  plus  instruc- 
tive possible  san*  pour  autant  s'fetendre  »ur  da*  noia  at  das  moia.  Mai*  avant  1*  pre- 
mier vol  d'un*  telle  campagn*,  un*  certain*  preparation  a *u  lieu. 

II  **t  certain  qua  la  thfeori*  na  paut  prfedir*  & 100  % 1*  comportamant  d'un 

avion  an  vrilla,  Une  grand*  initiative  ast  ionc  laissee  aux  sarvlcas  d'Essais  an  Vol, 

Po  rtant  antra  le  stad*  "Bureau  d'Etuda"  et  la  stade  "Eaaais  en  Vol",  une  fetape  fon- 
damentala  ast  cell*  da  1'fetud*  en  »ouffl*ri*.  souvant  commence*  dfes  las  premier*  sta- 
des  da  la  conception  de  l'avion.  Aux  A.M.D,  - B.A.,  cette  etude  constitue,  en  fait,  la 
base  da  tous  las  assaia  en  vol,  et  1 'orient*  .ion  da*  premier*  vol*  d'essai*  eat  entifere- 
ment  determine*  par  les  conclusions  de  l'etud*  an  souffleri*. 

Caci  est  particuliferemant  important  dans  le  cas  da  1 ' ALPHA-JET,  puiaqu'il 
s'agit,  dans  sa  version  frangaise,  d'un  avion  ECOLE,  qui  doit  presenter  un*  vrilla 
saine  assortie  de  consignas  de  sortie  simples.  Cat  avion  a ete  soumia  A troia  carapag- 
nas  an  soufflarie  < 

- une  premiere  etude  sommaire,  lance*  dfes  1971. 

- une  deuxlfeme  etude  plus  complete  en  1972,  avec  different®  cas  de  chargements  et  di- 

vers** modifications  a6rodynamiqu*s  (1500  lancers), 

- enfln  un*  troisifeme  etude,  simultanfee  avec  las  essais  an  vol,  d'un  mlllier  da  lancers 
environ  en  Novembre  1974. 

Caci  ne  concern*  que  la  configuration  sans  charges,  l'etud*  das  vrilles  avec  charges  a 
ete  entreprise  en  Juin  1975. 

A partir  du  moment  oil  les  rapports  da  la  soufflarie  sont  sur  les  bureaux  des 
pilotes  et  des  ing6nieurs,  et  oil  l'avion  est  equipe  de  1 ' installation  d'essais  et  des 
systfemas  adapt6s,  la  phase  d'essais  en  vol  propremant  dita  peut  commancer, 

Chez  A.M.D.-B.A.,  ces  essais  en  vol  de  vrilles  sont  confi6s  k des  6quipes 
bien  "rodees”  qui  maintiennent  das  relations  trfes  etroites  avec  la  soufflarie.  Les  pi- 
lotes entralnes  sur  divers  types  d'avion  sont  egalement  accoutumfes  aux  problfemes  de 
vrilles,  car  les  campagnes  reviennent  rfeguliferement . La  vrille  est  en  effat  un  domaine 
oil  la  connaissance  du  phfenomfene  lui-mtme  est  aussi  important*  pour  le  pilote  que  celle 
da  l'avion  i 11  faut  Stre  capable  d'analyser  les  mouvements  de  l'avion  dans  une  gamme 
d'attitudes  et  de  vitasses  angulaires  trfes  otanduas  at  inhabituellas,  tout  en  appli- 
quant  en  mime  temps  les  consignas  donnfees  depuis  la  sol.  Les  pilotes  interviennent  aus- 
si de  fagon  important*  dans  la  description  d*  la  partie  non  quantifiable  de  certains 
essais  t facility  d'fexecution  de  certaines  manoeuvres,  inconvfenients  phy siologiques 
lies  aux  ac colorations  et  aux  vitesses  angulaires  (disorientation,  g vers  1 ' avant ,...) . 
Us  font  d'ail  »urs  parfois  des  assais  d ' accoutumance  a la  centrifugause , 

Le  rapport  da  souffleri*  constitue  la  base  de  travail  das  fequipes  chargias 
das  vrilles,  surtout  pour  las  premiers  vols.  Apres  cas  premiers  vols,  1 ' orientation  des 
essais  doit  fetr*  determine*,  en  partie,  d'un  vol  k l'autr*  an  mettant  l'accant  sur  les 
points  intoressants  trouvos.  II  en  risulc*  qu'un  point  fondamantal  est  1 'exploitation 
la  plus  rapid*  possible  des  assais  i 1'nccant  est  mis  sur  le  maximum  d ' exploitation  an 
temps  riel,  Oliment  important  da  sicuri t6  at  d ' *f f icac 1 tfe . 

Le  processus  d*  Sexploitation  an  tamps  rial  ast  1*  suivant  s 

- avant  la  vrilla,  11  y a traitemant  en  tamps  reel  pour  etablir  un  lisliug  U*  surveil- 
lance de  l'avion  et  de  1 ' installation  d'assais, 

- pendant  l'essai,  on  proofed*  aux  operations  suivantes  t acquisition  da  toutes  les  in- 
formations voulues,  execution  de  certains  calculs  (incidence,  Mach,  ate...),  stockage 
sur  disqu*  das  Informations  acquises  at  da  calls*  qui  sont  nfecassairas  aux  complements 
da  ■ alcul  k terminer, 

- aprfes  la  sortie  de  vrille,  on  cosaaonde  la  phase  final*  d ' exploitation  < ralactur*  sur 
disque  das  Informations,  achfevamant  das  calculs  partiellamant  realise*,  execution  das 
traefes  sur  machine  VARIAN  couplue  k 1 ' ordinataur  (Ex.  da  trace  t planch*  4). 

Pendant  qua  l'avion  ast  an  vrilla,  ^ ' lngfeniaur  d'assais  visualise  l'evolution 
das  paramfetras  sur  le  scopo  a memoir*,  et  donna  des  indications  au  pilot*  s'il  y a lieu. 
Apres  l'essai,  pendant  qua  l'avion  remont*  k l'altitud*  da  l'essai  suivant,  il  paut  ana- 
lyser las  traefes  sortant  da  la  machine  VARIAN,  qui  dormant  sur  papier  las  parasefetros  im- 
portant* t gouvernes,  incidence,  vitetsac  angulaires,  paramfetras  xotaurs,  ate...  Ains ' 
la  sfecurlte  du  vol  repose  en  grand*  parti*  sur  l'ingenieur  d'assais,  l'avion  d'accompag- 
namant  n ' intarvanant  qu'en  cas  de  pert*  da  la  teifemesure,  ou  pour  contr3l*r  visuallamant 
un  phenomfen*  anormal  (deplacement  d'un*  charge,  fuita,  etc...). 

L'axploitatlon  an  tamps  reel  est  6vld*mm*nt;  da  plus,  un  gag*  d ' *f f icaci te . 

En  effet,  tout  da  suite  aprfes  1*  vol,  pilotes  et  lngfeniaurs  peuvent  analyser  las  traefes, 
et  prfeparer  I'ordr*  d'essais  du  vol  suivant.  Ainsi,  au  cours  de  la  campagn*  da  l'ALPHA- 
JET,  le  dfelai  entre  deux  vols  n'a  Jamais  fetfe  dfeterminfe  par  un  problfem*  d 'axploi ta tion . 
tin  autre  avantage  est  que  l'ordinataur  n'*bt  occupfe  qua  pendant  1*  vol  ltii-mim*  • En  fait, 
on  peut  dire  que  1*  seul  ensemble  de  resultAts  qui  n'ast  pa*  analysabl*  1*  Jour  mtm*  da 


l'essai  est  constituA  par  lea  films  (dAlai  de  dAveloppement ) 
EXEMPLE  D'UNE  CAMPAGNE  DE  VRILLES  : CAS  DR  L'ALPHA-JET 
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La  progression  des  essais  de  vrilles  de  l'ALPHA-JET  est  caractAristique  des 
campagnes  faites  aux  A.M.D.-B.A.  Lea  premiers  essais  de  porte  de  contrSle  ont  lieu  en 
virage,  k diffArentes  vitesses.  Cette  mAthode  qui  correspond  d'ailleurs  k 1 'utilisation 
opera tionnelle  des  avions  d'armes,  permet  de  doser  le  lancement  de  la  rotation.  AprAs 
avoir  dAterminA  la  vitesse  optimale,  le  nombre  de  tours  est  augmentA  progressivement , 
et  Ins  positions  des  gouvernes  et  lea  consignee  de  sortie  essayees,  Ces  essais  ont  lieu 
aux  regimes  noteurs  qui  minimisent  lea  riaques  d ' extinction . 

Une  fois  reconnues  les  diffArentes  formes  de  vrilles  et  les  consignee  de  sor- 
tie, on  s'oriente  vers  les  conditions  d 'utilisation  en  operation  t il  s'agit  de  “ouvrir 
la  porte  de  contrdle  involontaire  en  virage,  & des  vitesses  de  plus  en  plus  AlevAes,  et 
A tous  les  regimes  moteurs  t les  ierniers  essais  de  dAclenchAs  ont  lieu  A vitesse  ou  a 
Mach  AlevA,  au  plein  gaz  (ou  en  PC  MAX  pour  les  avions  qui  ont  une  PC).  De  plus,  sont 
AtudiAes  les  pertes  de  controls  on  ressource,  les  dAcrochages  en  palier,  les  figures  du 
typo  cloche,  etc...,  toujours  dans  le  souci  de  cerner  les  conditions  d ' utilisation  dans 
une  armAe  de  l'air,  plus  que  dans  le  but  de  faire  des  etudes  aerodynamiques . Dans  la 
mSme  optique,  on  s'attache  A etudier  l'influence  sur  la  sortie  de  vrille  des  erreurs  de 
consigns  (pied  ou  manche  "oublio")  et  des  dAtrimmages  (jusqu'au  detrimmage  defavorable 
sur  deux  axes,  le  cas  des  trois  axes  Atant  considArA  comme  peu  rAaliste). 

Ce  schema  a AtA  applique  a l'ALPHA-JET,  avec  un  element  supplAmentaire  s cet 
avion  Atant,  dans  la  version  fran;aise,  un  avion  d ' entralnement , il  doit  presenter  une 
forme  de  vriJle  saine,  la  sortie  Atant  assures  par  une  consigns  simple.  De  plus,  dans 
la  version  APPUI  comme  dans  la  version  ECOLE,  il  est  souhaitable  que  la  reprise  de  con- 
trols aprAs  une  perte  de  controls  involontaire  se  fasse  par  l'application  d'une  consigns 
simple . 


Ces  imperntifs  ont  conduit  d’une  part  A chercher  les  conditions  de  depart,  (vi- 
tesse, altitude,  attitude)  et  les  positions  de  gouvernes  les  plus  favorables  A l'obten- 
tion  d'une  telle  vrille,  d'autre  part  a essayei  plusieurs  configurations  successives  de 
l'avion.  En  effet,  on  s'est  aper$u  assez  vite  que  la  configuration  initiale  "nez  pointu" 
ne  permettait  pas  d'obtenir  facilement  une  vrille  rApondant  parfai tement  aux  criteres 
que  l'on  s'Atait  fixAs  pour  l'Acole. 

Les  premiers  lancements  ont  AtA  naturellement  entamAs  A haute  altitude  s 
AO.OOO  ft,  entre  130  et  170  kt,  et  en  virage.  Cette  premiAre  partie  des  essais  a permis 
de  mettve  en  Avidence  le  r3le  important  du  gauchissement  dans  la  vrille  de  l'ALPHA-JET. 
Toutefois,  l'obtention  de  la  vrille  calme  du  type  ECOLE  restait  assez  difficile,  la  ten- 
dance Atant  plut,3t  aux  agitations. 

On  a done,  en  appliquant  les  resultats  de  soufflerie,  essaye  plusieurs  confi- 
gurations du  nez  de  l'avion  « celui-ci  a AtA  arrondi,  puis  des  virures  ont  AtA  ajoutAes. 
Dans  ces  conditions,  l'obtention  d'une  vrille  ECOLE  devenait  A la  portAe  d'un  AlAve-pi- 
lote,  (cf  Photo  1 i version  ECOLE,  Photo  2 j version  APPUl). 

Dans  la  configuration  retenue,  l'Atude  a AtA  poursuivie  en  insistent  sur  les 
points  suivants  t consignee  de  sortie,  erreurs  d ' application  des  consignes,  influence 
des  dAtriminagos  sur  la  sortie.  ParallAlement  Ataient  vues  les  influences  de  l'altitude, 
de  la  motorisation  et  du  centrage. 

Enfin,  dans  la  derniAre  partie  de  l'Atude,  on  a insistA  sur  les  points  sui- 
vants i dAclenchAs  Jusqu'A  290  kt/M  = 0,8  pour  couvrir  les  dAclenchAs  involontaires , 
vrilles  avec  les  aArofreihs  sortis,  cloches,  etc...  Les  vi'illes  dos  ont  AtA  i'objet  d'u/ie 
attention  particuliAre  < il  Atait  en  effet  intArsssant  de  savoir  si  un  tel  type  de  vrille 
pouvait  8tre  dAmontre  de  fa?on  simple  en  Acole,  et  on  a pu  trouver  une  procAduro  permet- 
tant  d’atteindre  ce  but. 

En  ce  qui  concerne  la  version  APPUI  de  l'avion,  l'optique  Atait  un  peu  dl * fA- 
rente  t il  s'agissait  surtout  d'Atudler  les  pertes  de  controle  involontaires  et  d'autre 
part  de  continuer  l'Atude  de  certains  paramAtres  tels  que  le  centrage  ou  l'inertie  en 
roulis.  Bien  entendu,  les  essais  de  l'avion  en  version  APPUI  (nez  pointu)  ont  permis  de 
dAterminer  avec  prAcision  l'influence  de  la  forme  du  nez  sur  les  caractAristiqueft  de  la 
vrille,  Dans  cette  version  APPUI,  l'accent  a AtA  mis  sur  la  recherche  d'un  domair.e  d'em- 
ploi  sflr  du  gauchissement  A grande  incidence. 

L'ensemble  de  la  campagne  a done  nAcessltA  un  nombre  de  vols  important  t 78 
vols,  correspondent  entre  Juillet  197**  et  EAvrier  1975»  k ur.  peu  plus  d'un  voi  tous  les 
deux  Jours  ouvrables.  La  moyenne  du  nombre  d'essa.s  par  vol  a AtA  de  5/5. 

Pour  le  FI,  la  campagne  d'essais  a nAcessitA  153  essais  rApartis  en  37  vols, 
et  pour  le  JAGUAR,  139  essais  en  Jk  vols. 
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CONCLUSION 


La  cooperation  avec  la  soufflerie  et  1 ' exploitation  en  temps  rdel  constituent 
deux  principes  de  base  des  mdthodes  d'essais  de  vrilles  aux  AVIONS  MARCEL  DASSAULT  - 
BREGUET  AVIATION.  Les  campagnes  d'essais  rdcentes  ont  montrd  que  ces  methodes  permet- 
taient  d'effectuer  et  d'exploiter  plus  de  cinq  essais  par  vol,  dans  le  cas  de  l'ALPHA- 
JET,  avec  environ  1,5  vols  tous  les  deux  jours  ouvrables,  et  ceci  moins  de  neuf  moi s 
seuleracnt  aprds  le  premier  vol  du  premier  prototype. 
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F-IkA  STALL  AND  SPIN  PREVENTION  SYSTEM  FLIGHT  TESTS 

Charles  A.  (Chuck)  Sewell,  Chief  Test  Pilot 
Raymond  D.  Whlppla,  Projact  Engtnaar 
Grjmman  Atrosoace  Corporation 
Calver*or,  New  York  11933 


SUMMARY 

Prior  to  commanclng  tha  traditional  spin  damonstratlon  program  for  tha  F-14  Tomcat,  the  Grumman 
Aerospace  Corporation  obtained  U.  S.  Navy  approval  to  dave.op,  evaluate  and  demonstrate  a spin  prevention 
system  for  tho  airplane.  The  philosophy  underlying  this  decision  ts  discussed. 

The  evaluation  of  various  sptn-prevantlon  design  concepts  by  analytical,  simulation,  and  experimental 
methods  ts  described 

Preparation  of  the  test  vehicle  is  detailed  showing  unique  emergency  systems  and  qualification 
testing  of  these  systems.  Operational  aspects  of  tha  flight  test  program  Including  the  problem  of 
devising  a system  flexible  enough  to  permit  In-flight  optimization  of  design  parameters  Is  treated. 

The  gradual  shift  In  emphasis  from  spin-prevention,  which  was  accomplished  with  relative  ease,  to 
departure  amelioration  for  enhanced  air  combat  ef'ectlveness  Is  documented.  An  overview  of  the  final  ARI 
with  associated  subsystems  Is  given. 


INTRODUCTION 

Modern  high-performance  fighter  airplanes  are  relatively  short-coupled,  densely  packed  and  of  high 
moments  of  Inertia.  This  condition  generally  results  In  undesirable  spin  and  spin  recovery  characteristics. 
An  airplane  that  easily  enters  a spin  compounds  tha  problem  while  a spin-resistant  airplane  provides  some 
compensating  features.  If  appropriate  recovery  procedures  are  followed  promptly  after  departure  from 
controlled  flight,  while  sufficient  aerodynamic  control  effactlvanass  remains  to  counteract  the  buildup 
of  rotational  energy,  the  development  of  spins  can  usually  be  prevented.  Unfortunately,  the  pilot  is 
seldom  able  to  initiate  proper  action  quickly  enough  because  the  departure  was  very  sudden,  completely 
unexpected,  violent  and  disorienting  and,  more  than  llkaly,  the  first  he  has  ever  experienced  In  that 
particular  type  of  airplane.  There  Is  no  tactical  advantage  to  be  gained  from  spinning.  The  solution 
then,  might  well  be  the  use  of  a spin  praventlon  system  In  modern  tactical  airplanes  In  order  that  the 
atrplenes  can  be  flown  throughout  the  envelope  without  fear  of  encountering  a spin. 

When  the  Grumman  Aerospeca  Corporation  contracted  with  the  United  States  Navy  to  build  the  F-lkA 
fighter,  the  classical  spin  demonstration  program  was  routinely  Included.  The  objectives  of  the  spin 
program  were  to  meke  every  attempt  to  generate  the  fully-developed  critical  spin  and  demonstrate  successful 
recovery  from  It. 


SPIN  TEST  PHILOSOPHY 

Up  to  thet  time  the  tactical  airplanes  used  bv  the  U.S,  Navy  and  Marina  Corps  had  all  bean  evaluated 
under  a basic  Navy  program  of  a Contractor  Demonstration  followed  by  a Customer  Evaluation;  and  they  had 
all  suffered  losses  from  Inadvertent  spins.  During  one  seven  year  period,  the  U.S.  Navy  and  Marine  Corps 
averaged  almost  two  airplanes  per  month  lost  to  stalls/spins.  Thera  were  ninety-six  fatalities  associated 
with  these  losses. 


U.S.  NAVY /MARINE  CORPS  AIRCRAFT  LOSSES 
DUE  TO  SP1HS, 'DEPARTURES 
0 965  - 1972) 


TYPE 

NUMBER 

A -4 

20 

A-5 

3 

A-6 

11 

A-7 

15 

F-4 

4k 

F-8 

34 

F-9 

23 

T-2 

17 

T-28 

2 

169 

Five  test  airplanes  were  lost  during  spin  programs  or  In  preparation  for  conventional  spin  programs. 
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NAVY  AND  AIR  FORCE 

TEST  AIRCRAFT  LOST  DURING  SPIN  TEST  PROGRAMS 


0 

c-4  (USN) 

1961 

0 

F-4  (USN) 

1567 

o 

F-4  (USAF ) 

1 970 

0 

EA-6B  (USN) 

1971 

0 

F-111  (USAF) 

5572 

It  was  not  unreasonable  to  conclude  that  this  basic  program  wa rrenttH  Improvement. 

This  Is  not  to  deny  thet  such  a program  generated  accurate  Information  about  the  spin  characteristics 
of  the  airplane  and  established  the  degree  of  accuracy  of  the  spin  model  testing;  but,  just  as  out-of- 
control accidents  cannot  be  prevented  by  pilot's  handbook  warnings,  neither  can  they  be  Prevented  by 
pilot's  handbook  spin  descriptions  and  spin  recovery  procedures.  It  should  also  be  noted  that  control 
requirements  for  spin  recovery  are  often  well  determined  long  before  flight  testing.  Spin  tests  "conflnrf1 
analytical  and  spin  tunnel  results 

Spin  testing  was  hazardous,  expensive  and  time-consuming.  The  upcoming  revision  to  the  flight 
demonstration  specification,  HIL-D-8708B  (Reference  1)  contained  a greatly  expanded  spin  section. 

Regardless  of  whether  or  not  the  Contractor  had  achieved  the  fast,  flat  spin,  he  still  must  demonstrate 
no  less  than  five  entry  techniques  at  five  loading  conditions.  A complete  range  of  center-of-gravlty 
locations,  spin  dl-ectlon  and  control  positions  would  have  to  be  tested  In  order  that  the  "critical" 
demonstration  conditions  might  ba  selected  by  the  Customer. 

This  led  us  to  seriously  question  the  underlying  philosophy  of  those  Stal 1/Post-Stall/Spln  Demonstra- 
tion requirements.  The  airplane  could  usually  exceed  Its  maximum  velocity  envelope,  but  no  demonstration 
beyond  It  was  required.  The  airplane  could  exceed  Its  maximum  load  factor  envelope,  but  no  demonstration 
beyond  It  was  required.  The  airplane  could  exceed  Its  design  landing  sink  rate,  but  no  demonstration 
beyond  It  was  required 

Why  then  should  we  expend  vast  amounts  of  time  and  money  demonstrating  what  might  be  termed  third 
order  failure:  the  fully  developed  spin?  (The  first  failure  being  stalling  the  airplane,  the  second 
aggravating  It  to  the  post-stall  gyration  stage.)  Would  the  money  not  be  better  spent  helping  the  pilot 
recover  Immediately  upon  departure  from  controlled  flight,  or  better  wet,  preventing  departures  entirely? 

The  model  tests  and  analyses  and  an  emergency  spin  recovery  system  for  the  test  airplane  would  still 
be  required.  But  the  spin  would  no  longer  be  for  the  test  airplane  a goal  to  be  attained,  rather  It  would 
be  the  non-compliance  result  showing  that  the  airplane  needs  a spin  prevention  system  or  that  the  spin 
prevention  system  needs  Improvement. 

This  would  reduce  spin  losses,  a goal  which  the  classical  spin  program  had  clearly  failed  to  achieve. 

With  this  philosophy  In  mind,  while  proceeding  with  the  standard  preparations  for  spin  testing  and 
demonstration,  Grumman  undertook  an  Intensive  campaign  to  reorient  the  F-14  program  toward  spin  prevention. 

Supported  by  earlier  spin  studies  conducted  at  Grumman  (Reference  2 and  3)  under  Naval  Air  Systems 
Command  (NASC)  sponsorship,  combined  with  an  Increasing  quantity  of  encouraging  F-14  wind  tunnel  data, 
and  a high  level  of  activity  on  spin  prevention  systems  at  the  NASA  Langley  Research  Center,  In  late  1970, 
NASC  gave  Grumman  approval  to  develop,  evaluate  and  demonstrate  a spin  prevention  system  In  the  F-14 
airplane,  with  the  understanding  that  the  system  must  In  no  way  compromise  airplane  tactical  maneuvering 
capabilities,  and  particularly  that  there  be  no  longitudinal  restriction  on  the  airplane. 

In  as  much  as  we  were  faced  with  the  virtually  simultaneous  task?  of  technology  development  end 
prototype  development  under  severe  time  constraints,  atl  available  assistance  was  solicited  from  resea *ch 
centers  and  facilities.  A centrifuge  simulation  was  undertaken  by  the  Naval  Air  Development  Center. 

At  Langley,  tests  of  a 1/10-scaled  free-f light  model  were  conducted  In  the  30  by  60-foot  tunnel;  the 
Differential  Maneuvering  Simulator  (DMS)  was  programmed  with  F-l*>  data,  end  work  on  the  radio-controlled 
drop  model  was  greatly  accelerated. 

In  support  >f  the  Grumman  analytical  Investigation,  additional  high  angle  of  attack  wind  tunnel  data 
were  generated  at  the  Ames  Research  Center  12-foot  pressure  tunnel  and  the  Langley  12-foot  and  Grumman 
7 by  10-foot  low  speed  tunnels. 

PLANNING  THE  SPIN  PREVENTION  SYSTEM  FLIGHT  TESTS 

Evaluation  of  a spin  oreventlon  system  for  a tactical  airplane  was  without  precedent.  The  spin 
prevention  program  replaced  the  c’asslcal  spin  demonstration  program  and  no  Intentional  spins  were  planned 
or  required.  The  spin  prevention  test  plan  was  developed  around  the  following  objectives: 

Technology  Development 

o Develop  a system  which  will  preclude  spins. 

o Optimize  this  system  such  that  Its  operation  does  not  compromise  air  combat  maneuvering  capability, 
and  especially  that  there  be  no  longitudinal  restriction  on  the  airplane. 
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Prototype  Development 

o Oeflne  the  character  of  the  post-stall  motions  of  the  airplane  with  and  without  the  system 
operating. 

o Determine  the  optimum  techniques  for  recovery  from  out-of-control  situatlcns  for  airplanes  equipped 
with  the  system. 

o Determine  critical  control  Inputs,  configurations,  entry  technlnues,  store  loadings  and  departure 
direction. 

o Investigate  engine  operation  during  post-sta'il  gyrations. 

o Provide  necessary  Information  on  which  to  base  Flight  Manual  Instructions  regarding  recovery  from 
out-of-control  situations. 

The  flight  rest  program  was  structured  In  throe  phases.  The  sequence  of  test  and  buildup  maneuvers 
was  based  on  data  derived  from  model  testing  and  analytical  work,  since  no  precedents  existed.  It  was 
acknowledged  before  the  flight  test  program  started  that  test  sequence  and  maneuvers  would  be  subject 
to  continual  revision  based  on  flight  rest  results.  To  this  end,  frequent  reviews  were  held,  attended 
by  representatives  of  NASA  and  the  Naval  Air  Test  Center  as  well  as  NASC  and  Grumman. 

After  preparatory  flights  to  check  out  the.  various  special  test  systems,  including  deployments  of 
the  spin  recovery  parachute  at  high  and  low  dynamic  pressures.  Phase  I of  the  Spin-Prevention  Program 
would  begin  with  two  candidate  systems. 

The  airplane  stall  characteristics  with  and  without  spin  prevention  systems  were  to  be  explored  from 
conventional  entries  and  in  accordance  with  MIS-D-8708A  (UEP),  (Reference  4)  as  amended  by  a contract 
addendum  (Reference  5).  The  effects  of  store  loadings,  center-of-gravi ty  locations  and  wing  sweep  in 
automatic  and  at  several  predetermined  fixed  wing  sweeps  would  be  investigated.  Crit'  I maneuvers  were 
to  be  determined  and  noted  for  the  formal  demonstration. 

Phase  II  consisted  of  assessment  of  post-stall  gyrations  with  the  system  opv  .ing,  starting  with  a 
mia  center-of-gravi ty  location  and  no  external  stores,  and  evaluating  progressively  longer  applications  of 
rull  control  deflections,  including  full  pro-spin  controls  at  varied  input  i.ntes,  to  a maximum  of  fifteen 
seconds.  Vertical,  inertia-coupled  and  tactical  entry  investigations  were  e>pected  to  determine  any 
critical  conditions  Successful  completion  of  Phase  II  would  establish  the  viability  of  the  spin  prevention 
system  and  define  the  system  parameters  and  thresholds  necessary  for  the  F-14A  airplane. 

In  Phase  III,  selected  maneuvers  determined  to  be  most  critical  were  selected  to  substantiate  spin 
prevention  system  operation  at  extremes  of  store  loading  and  center-of-gravi ty  locations.  Entries  with 
asymmetric  store  loadings  and  asymmetric  thrust  were  planned,  as  were  tests  of  stability  augmentation 
system  effects  and  trim  setting  effects  Fill  pro-spin  controls  held  for  a minimum  of  fifteen  seconds 
would  be  the  standard.  The  results  of  Fhasc  III  tests  would  determine  the  critical  conditions  for  the 
formal  demonstration. 

TEST  AIRPLANE  CONFIGURATION 

The  test  airplane,  number  2 F-14A  was  initially  used  for  subsonic  stability  and  contro’  testing  For 
the  high  angle  of  attack  program  all  the  modifications  originally  planned  for  the  spin  demonstr.  ".Ion  were 
Incorporated,  including: 

o A mortar-deployed  26-foot  diameter  ring-slot  spin  recovery  parachute  on  a 102-foot  towline  Parachute 
size  and  towline  length  were  determined  in  the  NASA  Langley  vertical  spin  tunnel.  The  parachute  wjs 
not  locked  to  the  aircraft  until  after  takeoff  and  was  unlocked  prior  to  landing  A mechanical 
jettison  device  was  used  and  a back-up  pyrotechnic  jettison  provided.  Cockpit  indications  of  mechanics 
and  electrical  integrity  of  the  system  were  employed. 

o In  order  to  preclude  external  structural  modifications  to  the  test  airplane  to  sustain  loads  from  a 
larger  parachute,  the  selected  parachute  was  supplemented  by  a pair  of  retractable  nose-mounted  canard- 
like devices  recommended  by  NASA.  These  surfaces  were  22-Inches  wide  by  80-Inches  long  a~d  were 
operated  by  cockpit  control.  A back-ip  deployment  system  was  provided  using  an  air  bottle. 

o Lateral  stick  positioner  - an  automatic  recovery  system  described  under  spin  prevention  systems. 

o A single-crew  cockpit  configuration  permitting  operation  of  all  necessary  functions  from  the  pilot's 
station,  to  avoid  unnecessary  exposure  of  a second  alrcrewman  to  hazardous  conditions. 

o Escape  system  changes  to  permit  pilot  ejection  through  the  — nopy  (. orrnal  ejection  from  the  F- 1 4 Is 
preceded  by  canopy  jettison). 

o A mechanical  restraint  which  limits  forward  motion  of  the  pilot's  head  under  high  "eye-ba'ls  out" 
longitudinal  acceleration. 

o Tailored  ejection-seat  leg  restraints  to  compensate  for  possible  high  longitudinal  acceleration. 

o An  Emergency  Power  Unit  pcwereJ  by  mono-methyl -hydrazine  to  provide  hydraulic  power  and,  through  the 
auxiliary  generator,  electrical  power  for  3.5  minutes  in  case  of  a double  engine  flame-out. 

o Additional  Cockpit  Instrumentation  located  for  immediate  pilot  reference  - yaw  rate  indicator, 
calibrated  sideslip  gauge,  g-meter,  and  expanded  range  nos*.-boom  angle  of  attack  Indicator. 
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o Cockpit  manual  contio!  of  th«  angina  Mid-Compression  Bypass,  12th  staga  blaad  and  Mach-lever  shift. 

o Hot  ' «ermlttlng  continuous  transmission  of  pilot  voice  without  tha  nacasslty  of  kaylng  a 
microphone. 

o Forward-Looking  16  mm  color  movie  camera  with  tha  upper  Instrument  panel  and  windscreen  In  the  field 
of  view. 

o Videotape  camera  with  sound  recording. 

o Telemetry  - 190  PCM  pa  'ameters  and  any  one  of  four  analog  tracks  with  8 parameters  par  track  were 
telemetered  to  the  qr>md  and  recorded.  Real-time  displays  ware  selected  from  these  and  more  thr.n 
80  critical  measurements  ware  continuously  limit  checked  by  the  computer. 

o Cockpit  tights  which  comprised  a visual  check-off  list  prior  to  maneuver.  The  functions  presented 
were: 

Parachute  In  position 
Parachute  lockeu  to  aircraft 
Mo i tar  armed 
EPU  armed 
Instrumentation  on 
Camaras  on 

o Special  advisory  lights  'o  Indicate  the  status  of  unique  test  systems,  such  as  EPU  oil  temperature, 
FPU  activated  Indication,  spin  chute  deployed  and  Jettisoned  lights. 

FLIGHT  TEST  SUPPORT 


CHASE 


All  flights  were  chased  by  an  A-6A  airplane  flown  by  a limited  number  of  pilots  idertlfled  with  the 
program  In  order  to  have  an  effective  and  safe  chase  and  to  Insure  program  continuity.  Chase  pilots  were 
active  participants  In  briefs  and  debriefs.  A photographer  flew  In  the  right  seat  of  the  chase  A-6A  airplane. 
A hot  mike  telemetry  receiver  was  Installed  In  the  chase  airplane  to  permit  the  chase  flight  craw  to  monitor 
telemetry  voice.  This  provided  the  chase  flight  crew  with  a continuous  flow  of  Information  and  made  It 
unnecessary  for  the  test  pilot  to  key  the  UHF  to  transmit  to  the  chase  pilot.  This  was  especially  valuable 
during  unexpected  situations  and  emergencies. 

GROUND  STATION 

The  flight  tests  ware  controlled  by  an  englneorlng  team  that  was  headed  up  by  the  Test  Conductor  and 
Included  an  aerodynamic  engineer,  flight  test  engineer,  propulsion  engineer,  Instrumentation  engineer  and 
computer  systems  engineer.  Other  specialist  engineering  personnel  were  Included  when  required  for  specific 
tests  and  conditions.  Tie  following  displays  were  available  in  the  fllgnt  test  control  room; 

o Real-time  data  displays  ofi  a CRT 

o Real-time  computer  monitoring  of  more  than  80  selected  parameters  for  pre-set  1'mlts 
o Three  strip-chert  recorders  presenting  twenty-four  parameters. 

Ail  personnel  In  the  control  rooi.i  were  linked  via  hct-mlke  intercom  and  e~ch  person  had  the  capability 
to  talk  directly  to  the  test  airplane  In  an  emergency  situation.  However,  the  Test  'onductor  normally  pro- 
vided the  voice  link  with  the  test  alrpla.ie. 


FLIGHT  TESTS 


STALL  TESTS 

Stall  tests  were  conducted  with  and  without  the  spin  prevention  systems.  !r>  all  Cruise  end  Combat 
configurations  the  F-14A  does  not  exhibit  any  characteristic  which  a pilot  would  call  a "stall"  - no 
g-break,  no  wing-rock,  no  nose-slice,  no  minimum  control  airspeed.  The  flow  over  the  wing  certainly 
separates  at  some  nominal  "stall"  angle  of  attack,  but  the  airplane  remains  control  table. 

The  stall  warning  problem  therefore  became  Interesting.  If  there  is  no  stall  what  do  we  warn 
against?  Is  a warning  needed?  The  F-14  experiences  the  normal  buffet  buildup  as  the  wings  undergo 
separation,  but  then,  as  higher  angles  of  attack  are  reached  the  buffet  Intensity  falls  off. 

Since  warning  Implies  a hazardous  condition,  perhaps  what  we  really  want  Is  some  form  of  angle  of 
attack  Information.  Hopefully,  this  could  assist  the  pilot  In  maintaining  optimum  maneuvering  angles  of 
attack.  The  exact  nature  of  these  requirements  has  yet  to  be  detnrmlred.  Recovery  from  all  the  high 
angle  of  attack  conditions  Is  easily  effected  In  less  then  9,000  feet  by  releasing  aft  stick  force. 

In  the  hlgh-llft  Power  Approach  configuration,  extended  speed  brakes  improve  directional  stability 
at  high  angles  of  attack.  With  speed  brakes  extended,  the  normal  landing  configuration,  the  airplane  has 
teen  flown  ft  full  longitudinal  stick  deflection,  about  4o  degrees  angle  of  attack.  This  means  the  pilot 
can  exceed  the  approach  angle  of  attecx  by  almost  30  degrees  without  experiencing  a departure.  At  this 
condition,  he  would  have  long  since  lost  sight  of  his  lending  area  — but  he  can  still  get  there  without 
encountering  disaster.  Again,  the  airplane  does  not  exhibit  ony  characteristic  which  the  pilot  would 
call  a stall,  in  Takeoff  and  Waveoff  configurations  some  lateral  directional  divergent  oscillations  occur 
at  about  2'/  - 28  degrees  angle  of  attack,  more  than  double  the  approach  angle  of  attack.  This  situation 
does  define  a stall  In  that  a minimum  control  airspeed  Is  Attained.  Recovery  Is  immediate  -Ith  release 
of  aft  stick  force. 
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These  oscillations  arc  potentially  hazardous  and  so,  although  an  anonnous  safety  margin  existed, 
an  artificial  stall  warning  davlce  wa.  recommended.  A rudder  pedel  shaker  was  Installed  and  evaluated 
by  several  carrter-quat If  led  pilots,  the  consensus  quickly  grew  to  use  the  device  as  s warning  of  exceeding 
the  approach  angle  of  attack  rather  than  of  nearing  the  area  of  weakaned  stability. 

SPIN  RESISTANCE  TESTS 

The  F—  l^sA  test  airplane  was  evaluated  for  basic  airframe  spin  resistance,  and  tt  was  determined  to 
be  much  more  spin  resistant  than  tunnel  and  modal  tests  had  shown.  The  airplane  was  flown,  without  a 
spin  prevention  system,  with  alt  air-to-air  external  loadings,  from  forward  to  aft  center-of-Qi’evl ty 
extremes  and  at  all  wing  sweeps,  to  +90  and  -50  degraes  Indicated  angles  of  attack,  and  to  full  longi- 
tudinal stick  deflections  In  level,  banked  end  Inverted  flight.  With  full  longitudinal  stick  deflections 
(resulting  In  trim  angles  of  attack  of  +b3  degrees  erect,  -30  degrees  Inverted)  the  airplane  Is  controll- 
able about  all  three  axes.  Pull  lateral  stick  deflection  was  held  for  more  than  twelve  seconds  at 
greater  than  hO  degrees  angle  of  attack.  Full  rudder  deflection  rolls  were  completed  through  more  than 
360  degrees  of  bank  at  angles  of  attack  greater  than  35  degrees.  Full  aft  stick  and  full  rudder  were 
held  simultaneously  for  more  than  one  minute.  Pitch  and  angle  of  attack  rates  greater  than  60  degrees 
per  second  erect  and  30  degrees  per  second  Inverted  were  obtained.  The  airplane  was  repeatedly  held  In 
a vertical  attitude  until  It  sl'd  backwards  and  pitched  nose  down  making  an  excellent  recovery  "hands  off. 

The  eirplane  did  encounter  departures  from  controlled  flight.  The  departures  took  the  form  of  slow 
to  ra'id  rol’s  opposite  to  commanded  roll.  Recovery  was  easily  effected  by  neutralizing  lateral  stick 
deflection.  A more  rapid  recovery  was  effected  by  using  lateral  stick  In  the  direction  of  departure  roll. 

Air  Combat  Maneuvering  was  conducted  tgainst  several  types  of  airplanes  as  a part  of  the  basic  spin 
resistance  tests,  with  no  restrictions  imposed  on  the  F— 14A  and  to  serious  departures  were  encountered. 

But,  even  though  the  F-tbA  apparently  possessed  a high  degree  of  spin  resistance  it  was  realized  that 
there  was  probably  some  combination  of  control  deflections  that  could  cause  a spin.  For  this  reason  it 
was  considered  prudent  to  continue  to  develop  and  to  evaluate  a spin  prevention  system.  Our  goal  was  to 
provide  the  U.S.  Navy  with  the  world's  finest  fighter  airplane  with  absolutely  no  angle  of  attack  restrict- 
ions, and  to  essentially  guarantee  no  departure:  from  controlled  flight,  or  at  the  very  least,  no  spins. 

EVALUAT I ON  Of  THREE  SPIN  PREVENTION  SYSTEMS 

From  the  earliest  analyses.  It  was  realized  that  the  adverse  yaw  generated  by  the  large  differential 
horizontal  tail  surfaces  at  high  an' le  of  attack  was  the  major  source  of  pro-spin  yawing  moments.  If 
necessary,  this  could  also  provide  -..jwerful  recovery  moments. 

Since  the  spin-prevention  syst. ■.  had  not  been  part  of  the  original  design  effort,  several  unique 
problems  were  faced  by  the  engineering  staff.  Most  signified <t  was  the  severe  time  constraint  - extensive 
analytical  studies  of  various  systei-s  were  not  possible  - system  gains  would  have  to  be  optimized  in 
flight  tests. 

In  addition,  the  device  would  have  to  be  tailored  tc.  work  In  an  already-existing  control  system 
with  an  absolute  minimum  number  of  modifications. 

To  meet  these  requirements,  the  candidate  systems  were  equipped  -.<Hh  a variable  gain  calibrator  (VGC) 
for  each  relevant  variable.  The  pilot  could  change  any  gain  from  the  cockpit. 

LATERAL  STICK  POSITIONER  (LSP) 

At  first.  It  was  thought  advisable  to  delay  the  engagement  of  the  spin-prevention  system  to  as  high 
an  angle  of  attack  as  possible.  This  was  expected  to  pormlt  fairly  severe  departures,  so  usp  was  made  of 
Hie  strong  yawing  moment  from  d! ffer-.n*. la!  stabilizer  as  » recovery  mechan!sm 

A Lateral  Stick  Positioner  wps  Installed  In  the  test  airplane.  Above  a threshold  angle  of  attach 
this  system  automatic'  ' *y  moved  the  control  stick  to  full  lateral  deflection  when  a pre-set  yaw  rate  was 
encountered  and  released  the  stick  back  to  neutral  as  the  yaw  rate  decreased  through  another  pre-set  velue. 

This  system  concept  was  evaluated  in  the  NASA  Langley  Differential  Maneuvering  Simulator  (DMS). 
Although  the  LSP  performed  its  spin-prevention  function  admirably,  it  was  becoming  apparent  by  observing 
Fleet  usage  of  the  airplane  that  the  F-IU  would  be  used  to  the  limits  of  its  unprecedented  high  angle 
of  attack  capability,  and  the  LSP  did  permit  departures. 

ADVANTAGES 

o Recovers  airplane  from  departures 

e Prevents  spins. 

DISADVANTAGES 

o Departures  from  controlled  flight 
are  not  prevented 

o Tactical  advantage  lost  through  a 
departure 

o The  high  yaw  rates  encountered  b«?ore 
recovery  could  possibly  result  In 
engine  compressor  stalls. 
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This  system  was  discarded  as  a candldata  for  Incorporation  In  production  alrpianas  but  taft  In  tha 
tatt  alrplana  to  tarva  Its  purposa  as  o splr  pravantlon  systam. 

LATERAL  STICK  CENTERl-R  (LSC) 

Tha  OHS  avaluatlon  of  tha  LSP  had  demonstrated  that  minimizing  lataral  control  Inputs  graatly 
diminished  departures.  A logical  conclusion  vms  to  limit  lataral  Inputs  above  a selected  angle  of  attack. 
Tha  OHS  vms  programmed  to  evaluate  this  concept  which  w*  called  a LATERAL  STICK  CENTERER  (LSC).  It 
showed  tremendous  potential. 

This  systam  was  Installed  In  the  test  airplane  and  Included  deactivation  of  roll  stability  augmenta- 
tion as  well  as  physical  cantaring  of  the  control  stick..  It  could  be  over-ridden  with  25  pounds  of  lateral 
stick  force.  An  extensive  flight  eval>.atlon  of  this  system  was  completed  with  all  external  loadings  and 
center-of-gravlty  positions  and  at  all  wing  sweeps  In  Cruise  configuration.  It  was  determined  that; 

ADVANTAGES 

o Recovers  airplane  from  departures 

o Prevents  spins 

o Hlntmlzes  frequency  and  severity  of  departures 

o The  airplane  could  be  ftown  safely  to  full  aft 
stick  deflection  at  a>l  wing  sweeps. 

o Roll  control  through  rudder  def lac* ion  was 
excel  lent 

o Recovery  from  high  angle  of  attack  was  Immediate 
upon  release  of  aft  stick  force 

o Recovery  was  completed  from  the  worst  condition 
with  less  than  5,000  feet  of  altitude  loss. 

DISADVANTAGE 

o Engagement  transients  under  some  conditions  degraded 
tactical  maneuvering  at  high  anglss  of  attack. 

The  LATERAL  STICK  CENTERING  system  was  discarded  due  to  the  degradation  of  high  angle  of  attack 
maneuvering.. 

AILERON-RUDDER  INTERCONNECT  (ARI) 

One  of  the  spin-prevention  concepts  being  Investigated  at  Langlev  vms  the  Aileron-Rudder  Interconnect 
(ARI).  This  mechanization  phased  out  lateral  control  surface  deflection  commanded  by  lataral  stick  Inputs 
with  Increasing  angle  of  attack  and  simultaneously  phased  In  coordinating  rudder.  The  ARI  was  programmed 
for  the  F— 14  on  the  OHS  and  the  results  were  extremely  encouraging. 

The  ARI  was  Installed  In  tit*,  test  airplane.  For  maximum  flexibility,  the  test  system  was  designed 
with  Independent  lateral  control  (LARI)  and  rudder  (RARl)  components.  VGC  switches  permitted  variation  of; 

o RARt  angle  of  attack  threshold 

o RARl  angle  of  attack  Interval  to  full  gain 

o Late,al  stick  to  rudder  ratio 

n LARI  angle  of  attack  threshold 

o LARI  angle  of  attack  Interval  to  full  gain 

o Lateral  stick  to  negative  differential  tall  deflection  ratio. 

Flight  tests  o"lck1y  determined  that  the  rudder  coordination  feature  of  the  ARI  was  beneficial  at 
much  lower  angles  c-c  attack  than  required  for  sptn/departure  prevention.  Roll  rates  were  significantly 
Increased  by  a generous  ute  of  rudder. 

The  spin  prevention  efficacy  of  the  system  was  well  established.  Further  work  proceeded  to  refine 
operation  In  the  air  combat  maneuvering  (ACH)  environment,  particularly  the  high  subsonic  regime. 

A rather  extreme  test  technique  was  developed  w.'.lch  seemed  to  be  the  ''worst  case”  and  served  as  our 
standard.  It  consisted  of  a rolling  dive  to  maintain  target  Huch  number  with  maximum  practical  lateral 
control  held  in  while  an  abrupt  aft  stick  displacement  was  made. 

These  evaluations  revealed  the  necessity  of  scheduling  the  LARI  as  a function  of  Hach  number.  From 
0.55  H to  1.0  H the  angle  of  attack  threshold  decreased  linearly. 

This  system  was  found  to  have  the  following  favorable  character Istlcs  during  evaluations  In  both 
the  NASA  Langley  DMS  and  the  F-lkA  airplane; 

o No  engagement  or  disengagement  transients 

o Airplane  Is  flown  the  same  at  high  angles  of  attack  as  at  low  angles  of  attack 
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o System*  are  easily  checked  for  proper  operation  before  flight  and  can  be  checked  In  flight  by 
observing  the  rudder  Indicator  as  lateral  stick  Is  applied  above  the  threshold  angle  of  attack 

o Roll  control  and  rata  of  roll  were  Improved  ove**  the  Lateral  Stick  Centering  System  at  high  angle* 
of  attack  by  having  soma  differential  horizontal  tall  available 

o Depertu  -es  from  controlled  flight  were  minimized 

o No -spins  occurred.  Pull  pro-spin  controls  were  held  for  as  long  as  48  seconds, 
o Reltablli-y  was  excellent 
o Tactical  maneuvering  was  not  compromised. 

NOSE  PROBE  ANGLE  Of  ATTACK  SENSOR 

One  more  refinement  remained  to  make  the  ARI  a vlebln  system.  The  angle  of  attack  vane  on  the 
F-14  was  of  the  standard  type,  located  on  the  side  of  the  forward  fuselage.  It  provided  accurate  angle 
of  attack  Information  for  conventional  flight  tasks,  but  proved  Inadequate  for  the  vast  range  of  extreme 
airflow  nngles  made  possible  by  the  F-14's  combat  agility. 

A nose-mounted  differential  prtssure  sensing  probe  with  an  expanded  range  capability  was  evaluated 
and  proved  Itself  able  to  meet  the  stringent  demands  of  the  F-14  ACM  prowess. 

The  ARI  and  this  sensor  comprise  the  hlghly-successful  spln/departure  prevention  system  currently 
Installed  In  the  F-14  Tomcat. 


CONCLUSION 

The  first  F-14A  Tomcat  production  airplane  aquipped  with  the  spin  prevention  system,  number  185, 

Is  scheduled  for  acceptance  by  the  U.S.  Navy  In  December  1 975 . 

Despite  the  enormous  obstacles  of  simultaneous  technology  development  and  prototype  development 
tasks  under  severe  time  constraints  on  a configuration  already  being  manufactured,  with  no  precedents 
or  guidance,  success  was  achieved.  After  a 71  flight  high  angie  of  attack  flight  test  program  spanning 
one  and  one-half  years,  encompassing  over  1200  maneuvers  beyond  the  nominal  stall  angle  of  attack,  the 
Grumman  Aerospace  Corporation  Is  confident  that  the  goal  ha*  been  accomplished.  We  are  delivering  the 
first  Navy  fighter  w‘th  an  unrestricted  angle  of  attack  capability. 

This  pioneering  effort  would  not  have  been  possible  without  the  dedicated  efforts  of  hundreds  of 
people  - the  Grumman  Pilots,  Engineers  and  Technicians;  the  Navel  Air  Systems  Command  personnel,  both 
civilian  and  military;  the  Honeywell  Corporation  and  other  sub-contractors;  and  NASA  personnel  with  their 
essential  test  facilities. 

We  all  hope  '•hat  the  point  has  been  clearly  demonstrated  that  spin  prevention  is  an  attainable 
goal,  and  It  is  feasible  and  economical. 

Future  spin-prevention  programs  can  build  on  our  early  efforts  and  possibly  Improve  on  our  method*. 
Commitment  to  spin  prevention  technology  development  will  ensure  safer  and  less  costly  flight  test  eval- 
uations and  demonstrations.  Perhaps  Increased  coxbat  capability  Is  difficult  to  value  quantitatively, 
but  the  anticipated  savings  from  reduced  airplane  and  air  crew  losses  should  provide  striking  vindication 
of  the  spin  prevention  approach. 

Let  us  lelegste  the  s^In  to  the  devotees  of  air  show  aerobatics,  no  longer  to  be  a sinister  bugbear 
of  military  aviation. 
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ESSAIS  DE  VHILL.ES 

DU  JAGUAR.  DU  MIRAGE  FI  EV  DE  L1 ALPHA- JET 
par 

Messieurs  J.  DIFFER,  JP.  DUVAL,  J.  PLESSY 
Ingenlaura 

AVIONS  MARCEL  DASSAULT  - BREGUET  AVIATION 
ESSAIS  EN  VOL 
B.P.  28 
I S T R E S 
13  800 
France 


RESUME 


Trols  campagnes  d'essaio  da  vrillaa  ont  Ate  entrepriaes  rAceauaent  par  laa 
AVIONS  MARCEL  DASSAULT  - BREGUET  AVIATION  t JAGUAR,  MIRAGE  FI  at  ALPHA- JET.  En  fonc- 
tion  dea  buta  fixAs  au  depart  at  das  rAsultats  obtanua,  chacuna  da  caa  campagnes  prA- 
aanta  un  carnctAre  original  propra,  1’ ALPHA-JET  an  particuliar  aa  diatlnguant  natta- 
nent  daa  daitx  autraa  aviona  par  a a miaalon  "ECOLE" . 

Ce  papier  axpoaa  laa  rAsultats  obtanua  au  coura  da  caa  campagnes,  at  laa  com- 
para  avec  laa  provisions  da  la  soufflerie. 

OSSAIS  DE  VRILLES  DU  JAGUAR  MONOPLACE 


HISTORIQUE 


Las  assais  de  vrillas  du  JAGUAR  M 05  (monoplaca)  an  configuration  llsaa  ont 
comportA  139  assais  en  J1*  vols  t 8 est,ais  da  dAcrochage  an  paliar,  31  assais  pour  Atu- 
de  de  1'efficacitA  das  gouvarnas  transvarsalas  at  100  assais  da  dAclenchAs  at  vrillas. 
La  progression  das  assais  a AtA  la  suivante  1 racharcha  das  diffOrentea  formas  da  vril- 
las possible"  at  definition  d'una  consigns  da  sortie,  dOcrochagas  an  paliar,  dAclenchAs 
at  consigna  de  sortie,  avec  ensuita  1' influence  das  erreurs  da  consigne,  at  das  aaaais 
A diffOrents  regimes  moteurs . Laa  departs  ont  d'aboid  au  lieu  antra  40  000  rt  kz  000  ft 
da  150  0 300  kt,  puis  A 35  000  ft  da  1 50  A 3^0  kt . Qualques  assais  pour  las  moteurs  ont 
AtA  effectuAs  A 30  000  ft. 

RESULTATS 


La  JAGUAR  a un  trAs  bon  comportamant  aux  incidences  AlevAes,  s'amOliorant  en- 
core avec  la  coordination  das  gouvernes. 

DAclenchAs  at  vrillas 


Las  dAclenchAs  at  vrillas  du  JAGUAR  se  carac tArisent  par  da  fortes  agitations 
A caractAra  pAriodique  an  transversal  mais  r.usai  at  surtout  an  longitudinal.  Cas  agita- 
tions pauvent  ttra  Aprouvantas  pour  la  pilots.  L' incidence  varia  antra  5°  at  90°,  la 
rotation  da  lacat  est  modulAe  at  rails  da  roulis  alternAe.  Las  premiers  tours  se  font 
autour  d'un  axa  sensiblement  horizontal,  si  bian  qua  l'assiette  passe  quelquefois  da  90s 
naz  bas  A 90°  naz  haut  en  deux  sacondas.  Dans  cas  mouvemants,  la  vitassa  indiquAe  oscil- 
la  an  fonction  da  l'incidencs,  at  progresslv'-mant  l'sxa  de  la  vrille  deviant  plus  piquA, 
indiquant  una  evolution  favorable,  Jusqu'A  la  sortie,  qui  sa  produit  antra  160  at  180  kt . 

Las  indications  da  la  sortie  procha  sont  : las  maxima  da  vitassa  indiquAe  qui 
augmentent,  las  minima  d'incidence  qui  diminuent,  l'assiette  longitudinals  qui  decrott. 

T1  n'v  a Jamais  au  da  vrille  plate  at  rapids.  Qualques  departs  ont  au  lieu 
•'ac  una  vitassa  da  lacat  rAguliAre,  mais  dAs  qua  l'incidencs  attaint  70°,  las  oscilla-^ 
tions  da  dArapage,  roulis,  lacat  sont  apparues. 

La  vrille  doi  n'u  pas  ete  rencontrAei  sauls  qualques  passages  dos  ont  AtA  ob- 
serves, mais  ila  n'ort  pas  dure  plus  de  troia  sacondas,  at  sont  dfls  A una  position  da 
profondeur  A fond  A piquar.  Catta  position  da  gouvarnas  a provoquA  qualques  sorties  an 
tonnaaux  lants,  mais  l'axperianca  at  las  ralculs  montrant  qua  l'avlon  n'ast  pas  sujet 
aux  auto-tonneaux  rapidas. 

Influence  daa  gouvarnas 

La  profondeur  ast  da  loin  la  gouverne  la  plus  effirace,  at  si  la  plupart  das 
lancamants  ont  Ate  rAalisAs  an  rroisant  las  gouvarnas  transvarsalas , qualques  vrillas 
ont  Ate  lancAes  an  amcnant  la  profondeur  A cabrer  un  braf  Instant.  La  profondeur  A fond 
A piquar  donna  das  agitations  plus  importantes  au  coura  du  dAclenchA,  at  una  tendance 
au  passage  dos,  avec  das  mouvements  da  roulis  A la  sortie.  La  profondeur  A cabrer  ast 
nAfaste  dans  tons  las  cas  t alia  prcvoque  la  dAclenchA,  at,  bian  qu'elle  diminua  l'amp- 
litude  das  agitations,  fraina  la  sortie. 
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Lo  gauchlasement  ot  la  direction  ont  peu  d' influence  on  court  do  vrillet  cola 
tiont  vrai aeab lab lemon t au  fait  quo  la  vitoaao  do  roulia  oot  alternAe  ot  collo  do  lacot 
■odulio  au  dipart,  puia  alternAe  k la  acirtio.  Toutoa  coa  considArat iona  ont  conduit  k 
rocoaatndor  la  consign#  "gouvornoa  au  neutre"  A la  sortie,  ou  mime  "tout  licher",  Atant 
ontondu  qu'il  n'y  a paa  d'influonco  du  trial  do  profondour  dana  la  plage  maximal#  utili- 
aablo  on  vol. 

DAcrochagoa  on  pallor 

Dot  dAcrochagea  on  pallor  ont  AtA  effectuAa  dana  loa  configuration#  auivantos: 
Hast , boca  combat,  volota  20*  * boca,  volota  20*  aana  boca,  ploina  volote  4-  boca  ot 
ploina  volota  * boca,  train  aorti. 

En  toutoa  configurations  on  a pu  attaindro  30*  d'incidonco  pilot#,  avoc  un 
bon  control#  longitudinal  ot  quolquoa  a luvoaontt  do  roulia-lacot  altornAs.  Au-d«l k, 

1 'avion  part  on  roulia-lacot  bmIs  lo  rendu  do  amtin  oat  trie  offlcaco  alao  ai  l'inciden- 
co  oat  montAe  k 60*. 

Eaaala  on  clocho 


II  n'y  a pan  do  problAuea  port iculif/ra , la  VC  toabo  k 0,  l'avion  coauaonco  A 
radoacondro  "la  quouo  la  premikre"  puia  bascule  tur  lo  citA  aana  dAclencher  ot  lo  con- 
trftlo  pout  Atre  iaaaidiatoaant  ropria. 

Coaportoaont  doa  aotoura 

Loa  proaiora  oaaaia  ont  AtA  effectuAa  un  aotour  coupA  ot  lo  deuxikme  au  ralen- 
ti;  onauito  on  a ayatAma t iquemont  gardA  un  aotour  k un  rAglme  4 gal  ou  supArieur  au  PG 
aoc . Pour  loa  domiora  oaaaia,  loa  deux  aotoura  furont  gardA j aoit  au  PG  aoc,  soit  on 
PC  aini,  aoit  on  PC  aax. 

Sur  loa  riactoura  ala  au  ralonti  avant  esrai,  11  aa  produit  en  gAnAral  un  dA- 
crochago  toumant  avoc  pour  aeuln  aignaa  uno  faiblo  augaontation  do  TGT  at  uno  trka  14- 
giro  chute  do  rigiaoi  tur  aiao  doa  gas , on  note  doa  TGT  trop  41ev4oa  iraposant  la  cou- 
puro  du  aotour,  Sur  loa  aotoura  k doa  rAgimes > PG  aoc,  il  ao  produit  doa  dAcrochagen 
avoc  ou  aana  bruit  j apr&a  uno  brivo  augaontation,  TGT  ot  r4glao  chutont  ot  loraquo  lo 

rigiao  paaao  on-doaaoua  du  ralonti,  on  obaorvo  uno  montAe  trio  rapid#  do  TGT  qui  impose 

la  coupura  du  aotour. 

Coaparaiaon  doa  riaultata  oaaaia  on  vol  - aoufflorio 

La  proaquo  totalltA  doa  vrillea  obtonuoa  on  vraio  grandeur,  ot  quolloa  quo 

aoiont  loa  poaitiona  doa  gouvornoa,  aont  k claaaar  dana  lo  group#  app#l4  par  la  aoufflo- 

rio "vrillo  pou  rapid#,  calne  ou  peu  agit4e".  Le  reccupement  ontro  loa  mouveaiants  do 
l'avion  ot  coux  do  la  auiquotto  oat  excellent  ot  la  conaigr.o  doa  Eaaais  on  Vol  correspond 
4 la  recoaaaondation  do  la  aouffloria  do  mottro  toutoa  loa  gouvornoa  au  neutro  en  cas  do 
vrillo  agit4e. 

Quolquoa  raroc  vrillea  obtonuoa  on  vol  peuvont  'lire  claaa4oa  dans  los  vrillea 
k agitations  dlvorgontos  ot,  tout  coaaae  on  aoufflorio,  cos  vrillea  so  aont  produitea 
avoc  la  profondour  k piquor  ot  diroction  "pour". 

En  vol,  il  n'a  j ana la  4tA  obtonu  do  vrillo  plate  ot  rapid#  mime  on  appliquant 
loa  poaitiona  do  gouvornoa  trouv4es  favorabloa  par  la  aoufflorio.  La  vrillo  dos  n'a  Ja- 
mais pu  Atre  stabilis4e  non  plus. 

Il  oat  difficile  do  comparer  1' influence  doa  gou'or*nos  ontro  la  aoufflorio  ot 
loa  ecaais  on  vol  4tant  donn4  qu'en  vol  aouloa  loa  vrillea  agitoes  ont  4t4  obtonuoa. 
Toutofois,  il  a 4t4  conatat4  quo  la  profondour  k cabror  ralontiasait  la  vrillo  co  qui  a 
4t4  trouvA  on  aoufflorio  pour  la  vrillo  plate  ot  rapid#. 

ESSAIS  DE  VRILLBS  DU  MIRAGE  FI 


HISTORIQUE 


Loa  oaaaia  do  vrillea  du  MIR1GE  FI  ont  4t4  faita,  on  co  qui  concern#  la  confi- 
guration "aana  charges  oxt4riouros”  on  1973,  au  cours  d'une  tranche  d 'oaaaia  do  27  vols 
A.M.D.  - B.A.  plus  1C  vols  C.E.V.  Au  total,  153  oaaaia  ont  4t4  effectu4s. 

Nous  nous  proposons  do  r4sumer,  ici,  loa  premiers  eaaais  concernant  la  confi- 
guration "aana  charges  extArieurea" » 

- PrAparation 

- DAroulement  dos  oaaaia 

- RAaultata 

- Comparaison  Eaaais  on  Vol/Soufflorio . 

PREPARATION 


Eaaai a on  aoufflorio  vortical# 

L'Atude  do  lo  vrillo  du  MIRAGE  FI  a 4tA  falte  k la  aoufflorio  vertical#  do 
l'IMFL  avoc  uno  auiquotto  au  l/20kme.  Cos  eaaais  ont  montrA  quo  lo  FI  n'avait  pas  ton- 
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dance  k vriller  "k  plat",  et,  mime,  qu'une  vrllle  ventre  lanc4e  calme  ne  pouvait  pas  se 
malntenir  au-delA  de  5 tours.  Seule,  la  vrllle  dos  est  apparue  calme  (mats  non  raplde). 
Lea  esaals  de  soufflerie  ont  permls  de  priciser  1' influence  des  gouvernes  et  d'4tablir 
une  prediction  des  mouvements  de  1 'avion  au  cours  de  la  recuperation. 

- Sortie  de  vrllle  classique. 

- Passage  dos  avec  posaibilit4  de  vrille  dos. 

- Auto-tonneaux . 

- Mouvements  d4sordonn4s  (agitation). 

Au  cours  de  cette  4tude  qui  comports  1 200  lancers,  quelqu<*s  sorties  de  vril- 
le ont  4t4  interrompues  par  un  re-d4part  vers  les  grandes  incidences.  Ces  observations 
ont  motiv4  des  recherches  approfondies  pour  expliquer  1* origins  de  ces  evolutions.  Ain- 
si,  l'ef filament  de  la  points  de  nez  est  apparu  comme  trfes  influent  sur  le  comportement 
transversal  de  l'avion  k grande  incidence.  II  s’agit  de  moments  de  lacet  trfcs  importants 
vers  30  ou  Uo°  d' incidence,  mime  A d4rapage  nul. 

A partir  de  ces  constatations,  l'4tude  a 4t4  poursuivie  pour  assurer  la  re- 
prise de  contrile  dans  ces  cas  particuliers , bien  qu'ils  eient  4t4  rarement  observes. 
L'itude  a abouti  sur  la  mise  en  place  de  surfaces  bien  d4finies  en  forme  et  position 
sur  les  cdt4s  de  la  pointe  avant . Dans  cette  configuration,  le  ph4nom4ne  de  re-d4part 
en  vrille  a 4t4  4limin4  (sym4trisation  de  l'4coulement  autour  de  la  pointe  avant). 

Preparation  de  l'avion 

Fabrication  d’une  pointe  avant  sp4ciale 

Pour  te^ir  compte  des  experiences  faites  en  soufflerie,  une  pointe  avant  a 
4t4  fabriqu4e  sp4c ialement  pour  y inclure  un  dispositif  de  portes  manoeuvrables  en  vril- 
1 3 . Lorsque  ces  portes  sont  ferm4es,  le  nez  de  l'avion  est  conforms  & celui  des  avions 
de  s4rie. 

Installation  de  s4curit4  et  installation  d^essais 

Ces  installations  sont  d4crites  dans  l'articlos  "Meonudeo  d'essais  de  vrillea 

en  vol" . 

DEROULEMENT  DES  ESSAIS 


Lea  essais  ont  4t4  faits  dans  un  domaine  compris  entre  30  000  et  50  000  ft, 
IAS de  150  k 350  kt . II  y a autant  d'essais  de  perte  de  contrSle  quo  d'essai:  de  lance- 
ment  de  vrille  (environ  70  de  chaque),  plus  quelques  essais  divers  (figure  en  "cloche”, 
a4crochages  en  palier  basse  Vitesse,  inversions  rapides). 

RESULTATS 


Le  MIRAGE  FI  a des  limites  de  manoeuvre  trfes  saines;  quand  on  am4ne  la  profon- 
deur  en  but4e  cabr4e,  on  peut  atteindre  des  incidences  tr&s  4lev4es. 

En  gardant  la  profondeur  au  plein  braquage  cabr4  et  en  laissont  les  gouvernes 
transversales  au  neutre,  l'avion  peut  partir  en  rotation  ou  h4siter  d'un  bord  sur  l'au- 
tre.  Si  l'on  utilise  le  gauchissement , le  d4part  en  lacet/roulis  se  produit  plus  fran- 
chement  et  de  sens  contiaire  k celui  ou  le  manche  est  mis. 

Si  on  a lalss4  partir  l'avion  en  d4clench4,  la  consigne  est  s commandos  au 
neutre.  Si  elles  sont  reccntrdcs  imm6diatcmcnt  aprbs  le  ddclenche,  le  rotation  «'«rrSt 
en  1 ou  2 tours.  Le  nez  de  l'avion  baisse  et  le  mouvement  se  termine  avec  une  assiette 
longitudinals  comprise  entre  30  et  90°  piqu4e.  La  porte  d 'altitude  est  de  10  000  ft  en- 
viron, ressource  comprise. 

La  r4cup4ration  s'effectue  bien  souvent  en  une  sorte  de  tonneau,  nez  bas,  avec 
une  augmentation  sensible  de  la  -vitesse  de  roulis.  En  effet,  au  cours  du  d4clench4,  la 
rotation  s'effectue  autour  d'un  axe  ci  l'inertie  est  importante,  par  combinaison  lacet- 
roulis-tangage  (grande  incidence  et  d4rapsge).  Dans  la  phase  finale  de  r4cup4ration,  la 
rotation  se  termine  autour  de  1'axe  de  roulis  sur  lequel  l'inertie  est  minimale  : l'4ner- 
gie  acquise  en  rotation  provoque  un  accroissement  de  la  vitesse  de  roulis  pur,  avant  de 
s'amortir  en  plusieurs  secondes. 

Nous  n'avons  pas  pu  lancer  de  vrille  ventre  stabilis4e.  G4n4ralement,  A partir 
du  2&me  tour,  les  agitations  apparaissent , l'assiette  longitudinals  devient  de  plus  en 
plus  piqu4e  et  le  pilots  n'a  plus  qu'&  recentrer  les  commandos  pour  reprendre  le  vol  nor- 
mal . 


Nous  avons  observe,  plusieurs  fois,  des  ti ansformations  de  vrille  ventre  en 
vrille  dos.  Elles  peuvent  s'accei4ror  et  8tre  maintenues  si  le  pilots  laisse  la  direc- 
tion braqu4e  dans  le  sens  du  lacet,  ou  m#me  direction  au  neutre.  La  sortie  exige  un 
"contre"  k la  direction  k fond  pendant  6 ou  7 secondes,  ce  qui  peut  paraltre  long  au  pi- 
lots. C'est  is  seul  cas  de  vrille  sur  FI  qui  demands  une  action  positive  de  la  part  du 
pilots  pour  obtenir  la  sortie. 

Dans  tous  les  autres  cas,  les  recuperations  ont  4t4  obtenues  gouvernes  recen- 
tr4es  aux  trims  de  vol  et,  de  ce  fait,  nous  n'avons  pas  eu  k u iliser  le  systems  des 
portes  de  pointe  avant. 


18-4 


COMPARAISON  ESSAIS  EN  VOL/SOUFFLERIE 

Dans  1 'ensemble,  les  r4sultats  trouv4s  en  eseais  en  vol  cadrent  bien  avec  lea 

provisions  faites  k l'IMFL, 

Les  points  sur  lesquels  les  recoupoments  sont  excellent:  se  rOsument  ainsi  : 

- Caract&re  alOatoire  des  mouvements  k partir  de  conditions  initiales  identiques. 

- Mouvements  agitOs  plus  ou  moins  descriptibles . 

- Vrille  ventre  qui  ne  se  maintient  pas,  mSme  avec  des  positions  de  gouvernes  considO- 
rOes  com  favorables  au  mouvement, 

- Vrille  dos  faiblement  agitOe  et  pouvant  Stre  maintenue  direction  "avec"  le  lacet.  Ef- 
ficacitO  de  la  manoeuvre  de  sortie  en  met *ant  la  direction  "contre"  le  lacet. 

- Influence  du  centrage  non  visible. 

- II  faut  que  le  facteur  de  charge  dOpasse  t pour  qu'il  y ait  mouvement  assimilable  k 
une  vrille. 

- II  faut  que  1' incidence  soit  tros  OlevOe  pour  que  l'on  puisse  lancer  une  vrille.  Ceci 
est  k rapprocher  des  mesures  de  moment  de  lacet  faites  k l'IMFL  t ce  moment  epparalt 
pour  des  incidences  comprises  entre  30  et  50°. 

- Le  braquage  du  gauchissement  crOe  de  1' agitation. 

Les  points  montrant  quelques  differences  sont  rare:  s 

- Nous  n'avons  pas  observe  de  mauvaises  sorties  de  vrille  telles  qu'il  en  a ete  vues, 
parfois,  en  soufflerie  (de  ce  fait  nous  n'avons  pas  eu  k utiliser  les  portes  de  poin- 
te  avant).  Cependant,  il  faut  rappeler  que  nous  avons  effeotue  66  lancements  de  vril- 
le en  essais  en  vol  contre  1 200  en  soufflerie.  Une  fois,  nous  avcns  observe  des  re- 
mor.tees  de  nez  sur  1' horizon  mais  ellas  ont  ete  forcees  profondeur  plein  arri&re  et 
gauchissement  k fond  contre  le  lacet. 

- Pour  l'effet  de  la  profondeur,  nous  avons  eu  souvent  des  mouvements  rapides  en  roulis 
pur  des  que  cette  gouverne  a ete  mise  au  plein  pique.  En  soufflerie,  les  ph4nomfenes 
observes  4taient  plutot  du  genre  "desordonnes" . 

ESSAIS  DE  VRTLLES  DE  L1 ALPHA- JET 


HISTORIQUE 


Un  historique  des  essais  de  vrilles  de  1' ALPHA-JET  est  donn4  dans  1 'article 
"Methodes  d’essais  de  vrilles  en  vol". 

RESULTATS  : LES  DIFFERENTES  FORMES  DE  VRILLES  DE  L' ALPHA-JET 

Les  r^sultats  exposes  ci-dessous  sont  valables  pour  les  deux  versions  de 
l'ALPHA-JET  : version  ECOLE  <5qulp4e  d'un  nez  rond  avec  des  virures,  et  version  APPUT 
4quip4e  d'un  nez  pointu  et  d'une  perctie. 

La  seule  difference  importante  est  que  la  cremi&re  forme  de  vrille  (vrille 
calme)  est  plus  difficile  & obtenir  avec  le  nez  pointu  de  la  version  APPUI.  En  re- 
vanche, la  vrille  "agitee"  est  la  forme  la  plus  courante. 

Vrille  ventre  calme  ou  peu  agitee 

Cette  lorme  de  vrille  e3t  obtenue  profondeur  k fond  8 cabrer,  direction  8 '‘ond 

dans  le  sens  de  rotation  d4sir4e,  Le  depart  en  roulis  - lacet  doit  8tre  contr4  k fond  au 

gauchr ssement  pendant  I A 2 secondes,  puis  le  gauchissement  stabilise  entre  30  et  50  16 
contre  la  direction. 

Elle  doit  8tre  lanc4e  entre  130  et  170  kt,  20  000  et  30  000  ft,  en  virage,  mo- 
teurs  A 85  Le  point  classique  sst  : 25  000  ft,  1 50  kt . Cette  vrille  s'obtient  plus 
facilement  k gauctie  qu'A  droite,  un  tour  dure  environ  3 secondes,  la  perte  d'altitude 
par  tour  est  de  l’ordre  de  900  ft,  et  la  sortie  a lieu,  commandos  I4ch4 >s,  en  moins  de 
deux  tours. 

Vrille  ventre  agit4e 

Cette  forme  de  vrille  est  obtenue  profondeur  k fond  k cabrer,  gouvernes  trans- 

versales  croisdes  k fund.  On  pent  la  lancer  on  virage,  entre  130  et  170  kt,  25  000  k 

35  00O  ft,  moteurs  k 85 

Le  roulis  change  bri&vement  de  signe  toutes  les  deux  secondes,  l'assiette  Ion- 
gitudinale  est  tr&s  oscilltSe,  le  lacet  garde  un  sens  bien  net. 

Un  tour  dure  entre  3 et,  3,5  secondes,  la  perte  d'altitude  par  tour  est  de  900 
ft.  Cette  vrille  aglt4e  pent  passer  '.os  par  inversion  du  roulis.  Or.  obtient  alors  des 
aut.o-t.onneaux . I .a  sortie  se  fait  dans  .ous  les  cas  en  recentrant  les  gouvernes.  Elle  se 
fait  en  deux  tours  environ. 

Auto-tonnoaux 


T1  y a assent lellement  deux  types  d 'auto-tonneaux  t 
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a/  Las  auto-tonneaux  obtenus  an  gardant  las  commands s transvarsales  crois4es  aprfcs  un 
passage  dos  en  vrllla  agit4e.  La  sortie  se  fait  an  racentrant  las  commandos,  alia 
est  trba  raplde  car  la  vitessa  est  alors  da  l'ordre  da  150  kt. 

b/  La  douxifeme  type  d 'auto-tonneau  ast  obtenu  an  amanant  la  profondeur  k plquer  at  las 
gouvernes  transvarsales  au  neutre  pendant  un  auto-tonneau  du  premier  type.  La  sortie 
se  fait,  1&  aussi,  an  racentrant  las  commandos. 

Vrille  dos 


II  est  possible  de  d4montrer  la  vrille  dos  sur  ALPHA-JET.  En  partant  d'une 
vrille  agit4e,  il  faut  amener,  au  moment  du  passage  dos,  la  profondeur  k fond  k piquer 
et  le  gauchissement  de  0 k 20  °/o  contre  la  direction.  Las  meilleures  conditions  de  lan- 
cement  sont  & 35  000  ft  entre  150  et  170  kt.  La  sortie  commandos  recentr4es,  se  fait  en 
moins  de  7 secondes  (soit  2,5  tours,  au  maximum). 

Vrille  calme  et  raplde 

Cette  forme  de  vrille  se  distingue  de  la  vrille  calme  normale  par  son  inci- 
dence plus  41ev4e,  et  la  vitesse  de  rotation  plus  rapide.  C'est  la  seule  forme  de  vril- 
le de  1' ALPHA-JET  pour  laquelle  il  est  demand^  au  pilote  d'appliquer  le  gauchissement 
"pour"  a la  sortie.  Cette  manoeuvre  assure  alors  la  sortie  en  moins  de  10  secondes,  r4- 
sultat  obtenu  siraplement  en  recantrant  les  gouvernes  dans  tous  les  autres  cas. 

On  peut  obtenir  la  vrille  calme  et  rapide  en  amenant  la  profondeur  & fond  k 
piquer  et  progressivement  le  gauchissement  k fond  contre  la  rotation  au  cours  d'une  vril- 
le calme.  Toutefois,  dans  la  plupart  des  cas,  cette  manoeuvre  am&ne  das  agitations,  en 
particulier  sur  1 'avion  ECOLE,  4quip4  de  virures  sur  le  nez. 

Regimes  d4croch4s  sans  rotation  dAflnle 


Lor3qu'au  d4clench4  la  rotation  n'est  pas  suffisante,  ce  qui  arrive  en  parti- 
culier lorsqu'il  n'y  a pas  asset  de  gauchissement,  l'avion  part  en  roulis  - lacet  alter- 
am k une  incidence  voisins  de  30°.  Profondeur  k cabrer,  direction  au  neutre  et  gauchis- 
sement k fond,  on  obtient  Agalement  un  regime  d4croch4  sans  rotation  dAflr ie,  caractA- 
ris4  par  des  grandes  variations  d'incidence  et  des  oscillations  de  roulis.  Dans  les  2 
cas,  la  reprise  de  controls  est  immediate  au  recentrage  des  gouvernes. 

DAclenches 


Des  dAclench4s  ont  4t4  effectuAs  jusqu'A  270  kt  de  20  000  k <»0  000  f t j on  n'a 
pas  cherchA  A stabiliser  de  vrilles  k partir  de  ces  essais,  rAalisAs  dans  le  but  essen- 
tial de  couvrir  les  dAclenchAs  involontaires . En  amenant  la  profondeur  k fond  k cabrer 
et  en  croisant  k fond  les  gouvernes  transversals , le  dAclenchA  est  d'autant  plus  se- 
vere que  la  vitesse  est  AlevAe,  et  k m8me  vitesse,  d'autant  plus  que  le  Mach  est  plus 
AlevA . 

Comporteinent  des  moteurs 


Le  paramAtre  le  plus  influent  cur  le  comportement  des  moteure  est  l'altitudes 
pour  N2  a 85  qui  est  le  regime  pour  lequel  le  moteur  est  le  plus  tolerant,  il  n'y  a 
aucun  risque  d'extinctlon  pour  Zp  < 30  000  ft. 

Au  plain  gaz,  les  dAcrochages  s ' accompagnent  de  surchauffe  en  gAnAral  brfeve, 
ce  qui  conduit  a recommarder  ia  reduction  des  moteurs  des  la  perte  de  controle  quand 
elle  survlent  alors  que  les  moteurs  sont  au  regime  maximal. 

Comparaison  avec  les  rAsultats  de  soufflerle 


L'accord  entre  les  provisions  de  la  soufflerle  et  les  rAsultato  d'essais  en 
vol  est  excellent.  On  ne  note,  sur  l'ensemble  des  caractAristiques  des  diffArentes  for- 
mes de  vrilles,  que  quelques  lAgeres  divergences.  Ainsi,  la  consigns  de  so"tie  donn4e 
par  la  soufflerie  : gauchissement  "pour"  et  pied  "contre"  est  surnbondante  dans  tous 
les  cas,  sauf  la  vrille  rapide.  De  mime,  la  vrille  dos  est  un  peu  plus  rapide,  et  to- 
lAre  une  plage  de  braouage  au  gauchissement  moins  4tendue  quo  celle  donnee  par  la  souf- 
flerie . 


Enfin,  1' influence  de  la  forme  du  nez  sur  les  carac t4r i s t iques  de  la  vrille, 
pr4vue  par  la  soufflerie,  a pu  8tre  raise  en  4vidence  sur  avion  t le  nez  "pointu"  est 
plus  "avorable  aux  agitations. 

CONCLUSION 


Les  diff4rentes  vrilles  de  l'ALPHA-JET  pr4sentent  des  carac t4rist iques  saines, 
et  la  consigns  de  sortie  est  simple  et  efficace.  En  effet,  la  r4cup4ratlon  »e  fait  en 
moins  de  10  secondes  en  racentrant  les  gouvernes.  Seule  une  forme  de  vrille  rapide,  trAs 
rare,  n4cesslte  de  la  part  du  pilote  une  action  positive  pour  sortir  en  moins  de  10  se- 
condes, k savolr  1 ' appl ica t i on  du  gauchissement  dans  le  sens  de  la  vrille. 

Les  vrilles  sont  d4monstrat ives,  c ’ es t-A-d ire , r4p4titives  sans  habllet4  par- 
t i nil 1 ">re . On  peut  ainsi  d4montrer  une  vrille  calme  mi  mod4r4ment  aglt4e,  une  vrille 
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YF-16  HIGH  ANGLE  OF  ATTACK  FLIGHT  TEST  EXPERIENCE 


by 

John  P.  Lamer s 

F-16  Stability  & Flight  Controls 
General  Dynamics'  Fort  Worth  Division 
P.0.  Box  748,  Fort  Worth,  Texas  76101 


SUMMARY 


The  objective  of  YF-16  high  angle  of  attack  flight  tests  was  to  clear  the  air- 
craft for  the  air  combat  maneuvering  test  phase.  This  was  to  be  accomplished  by  valida- 
tion of  predicted  aerodynamic  data,  and  a comprehensive  evaluation  of  handling  qualities 
and  flight  control  system  performance  during  aggressive  simulated  tactical  maneuvering. 
The  program  also  included  a realistic  evaluation  of  the  effectiveness  of  special  auto- 
matic control  system  features  designed  to  enhance  high  angle  of  attack  maneuverability, 
handling  qualities,  and  departure  resistance.  Of  particular  interest  were  the  effects 
of  the  active  control  system  (command  and  stability  augmentation)  and  relaxed  static 
stability  concepts  upon  stall/spin  characteristics  and  recovery  capability.  Engine 
operating  characteristics  at  high  angle  of  attack,  high  angle  of  sideslip,  low  airspeed 
conditions  were  also  of  interest.  Results  show  excellent  high  angle  of  attack  flight 
characteristics,  good  correlation  with  NASA  spin  model  results,  and  normal  flight  control 
system  operation  over  the  range  of  conditions  tested. 


LIST  OF  SYMBOLS 
“R 
«L 
«N 
“SEL 
®CG 

ANcG’  nz 
0CG 

ayCg 

«HE*  6e 
“HA 
fiFA 
6R 

Fx»  fE 
Fy»  FA 

fr»  frp 

P 

Q 

R 

pw 

M 

H,  Hc 
c.g- 


angle  of  attack,  right  hand  sensor 

angle  of  attack,  left  hand  sensor 

angle  of  attack,  nose  boom  sensor 

select  angle  of  attack  (middle  value  of  oR,  oL>  oN) 

angle  of  attack  at  the  center  of  gravity 

normal  acceleration  at  the  center  of  gravity 

sideslip  angle  at  the  center  of  gravity 

lateral  acceleration  at  the  center  of  gravity 

elevator  surface  position 

horizontal  tail  aileron  position 

fla; eron  aileron  position 

rudder  surface  position 

longitudinal  stick  force 

lateral  side  force 

rudder  pedal  force 

roll  rate 

pitch  rate 

yaw  rate 

wind  axis  roll  rate 
Mach  number 
altitude 

center  of  gravity 
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WUT 

ANL 

ANR 

TED 

TEU 

LWD 
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TER 

Vc 

AR1 

ANU 

AND 

TEST  AIRCRAFT  DESCRIPTION 


aircraft  horizontal  displacement,  +North  -South 
aircraft  horizontal  displacement,  +East  -West 
pitch  angle 
heading  angle 
roll  angle 

pilot's  normal  acceleration  meter  reading 
angular  acceleration  in  pitch 
pitching  moment  coefficient 
dynamic  pressure 
wing  area 

mean  aerodynamic  chord 

aircraft  moment  of  inertia  about  the  longitudinal  axis 
aircraft  moment  of  inertia  about  the  lateral  axis 
aircraft  moment  of  inertia  about  the  vertical  axis 
normal  force  coefficient 

pitching  moment  coefficient  referenced  to  25  percent  c 

leading  edge  flap  deflection 

trailing  edge  flap  deflection 

wind  up  turn 

aircraft  nose  left 

aircraft  nose  right 

trailing  edge  down 

trailing  edge  up 

left  wing  down 

right  wing  down 

trailing  edge  left 

trailing  edge  right 

calibrated  airspeed 

aileron-rudder  interconnect 

aircraft,  nose  up 

aircraft  nose  down 


YF-16  No.  1 was  used  in  the  high  angle  of  attack  test  program.  It  is  a prototype 
air-superiority  day-fighter,  designed  with  emphasis  on  high  performance,  maximum  maneu- 
verability, small  size,  low  weight  and  low  cost.  It  is  a single-seat,  single-engine 
aircraft  with  a relatively  low  wing  loading  and  a high  thrust-to-weight  ratio.  Wing 
span  is  30  feet  and  length  is  46.5  feet.  The  aircraft,  pictured  in  Figure  1,  is 
powered  by  a Pratt  and  Whitney  F100-PW-100  engine,  which  is  identical  to  that  used 
in  the  F-15. 


f ^ upiy 


TO 
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Flight  path  control  is  achieved  through  the  actuation  of  an  all-movable,  differ- 
ential horizontal  tail  for  pitch  and  roll  control,  wing-mounted  flaperons  for  roll 
control,  and  a conventional  rudder  for  yaw  control.  Maneuver  capability  at  high  angles 
of  attack  is  enhanced  with  a full-span  leading  edge  flap  positioned  automatically  after 
takeoff  as  a function  of  Mach  number  and  angle  of  attack.  Both  the  leading  edge  flap 
and  trailing  edge  flap  (flaperon)  provide  high  lift  during  takeoff  and  landing. 

A full  fly-by-wire  flight  control  system  provides  maximum  flexibility  for  tailor- 
ing handling  qualities.  A pilot-operated  controller  commands  surface  actuators  via  high- 
response  command  servos  in  the  proximity  of  the  surfaces,  with  no  mechanical  linkage 
employed  between  the  cockpit  and  the  command  servos.  Quadrex  electronics  provide  fail- 
operative  performance  after  two  failures  in  each  of  the  three  control  axes.  Three-axis 
command  and  stability  augmentation  enhance  the  aircraft's  handling  qualities. 

Spin  Recovery  Parachute  System 

For  the  high  angle  of  attack  tests,  the  aircraft  wus  equipped  with  a mortar- 
deployed,  28  ft.  diameter  spin  recovery  parachute  attached  below  the  rudder  and  above 
the  heat  cone  of  the  engine  exhaust.  The  aircraft  was  ballasted  to  compensate  for  the 
c.g.  shift  produced  by  the  spin  chute  system.  Test  maneuvers  were  performed  to  assess 
the  aerodynamic  influence  of  the  chute  system.  Results  showed  that  the  installation  was 
slightly  stabilizing  both  longitudinally  and  directionally  between  10°  and  20°  angle  of 
attack,  and  that  dihedral  effect,  Cj^  , was  increased  at  high  « with  the  chute  installed. 

FLIGHT  CONTROL  SYSTEM  DESIGN  CHARACTERISTICS 

Throughout  this  report,  emphasis  is  placed  on  selected  topics  and  events 
that  are  of  particular  interest  because  of  their  relationship  to  the  unique  flight 
control  system  technologies  employed  in  the  YF-16  aircraft.  Of  particular  interest 
in  this  regard  are  relaxed  static  longitudinal  stability,  angle  of  attack  limitation  and 
the  other  departure-prevention  features  of  the  flight  control  system. 


Figure  1 YF-16 
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Relaxed  Static  Longitudinal  Stability 

The  control-configured  vehicle  (CCV)  principle  of  relaxed  static  stability  (RSS) 
is  employed  in  the  longitudinal  axis  as  a part  of  the  basic  YF-16  design.  RSS  pro- 
vides an  aerodynamically  efficient  vehicle,  with  exceptional  cruise  and  maneuver 
performance.  Apparent  stability  is  provided  to  the  pilot  by  the  full-time  operating, 
highly  reliable  stability  augmentation  system  (SAS).  Note  that  the  closed-loop 
aircraft/control  system  combination  is  a stable  system  that  requires  no  special  pilot 
techniques  or  adaptation. 

The  aft  c.g.  limit  was  established  to  provide  adequate  pitch  control  power  for 
recovery  from  high  angle  of  attack.  (Many  other  factors  also  influenced  the  aft  limit; 
however,  these  are  beyond  the  scope  of  this  discussion.)  In  Figure  2 is  shown  YF-16 
normal  force  and  pitching  mxnent  data  from  1/15-scale  and  1/9-scale  force  model  tests, 
which  were  used  to  establish  the  aft  c.g.  limit  at  35%  c.  Note  that  the  1/9-scale 
data  show  that  the  aft  limit  could  have  been  set  further  aft  than  35%.  A conservative 
approach  dictated  use  of  the  35%  limit;  however,  and  flight  test  data  later  verified 
that  the  1/15-scale  data  more  closely  represents  the  full-scale  aircraft. 


Figure  2 YF-16  Normal  Force  & Pitching  Moment;  -25°  Elevator 
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From  Figure  2 it  may  be  observed  that  the  aft  limit  was  established  to  prevent 
static  nose-up  aerodynamic  pitching  moment  at  i'.ny  angle  of  attack,  with  full  trailing- 
edge  down  elevator  deflection  (+25J).  A better  criterion  would  have  been,  "the  aft 
limit  will  be  established  such  that  satisfactory  recovery  is  available  from  any  out- 
of-control  event."  The  difficulty  with  such  a criterion  is,  of  course,  that  until  a 
comprehensive  high  a flight  test  program  has  been  completed,  the  actual  limit  is  not 
precisely  definable.  One  is,  therefore,  forced  to  rely  on  a conservative  interpretation 
of  force  model  and  spin  tunnel  d/ita.  Such  was  the  basis  for  the  static  trim  requirement. 

Angle,  of  Attack  Limitation 

To  inhibit  loss  of  control,  an  angle  of  attack  limiting  system  was  employed. 

This  system  used  both  angle  of  attack  and  pitch  rate  feedback  loops  to  control  aircraft 
angle  of  attack  within  preset  maximum  values.  The  purpose  of  the  a-limlter  was  to 
permit  the  pilot  to  maneuver  the  aircraft  safely  to  the  limit  of  its  capability  without 
reference  tc  his  cockpit  instruments. 

.»  primary  test  objective  was  to  assess  the  effectiveness  of  the  a-limiter  under 
aggressive  maneuvering  conditions. 

Aileron-Rudder  Interconnect  (ART) 

Control  of  the  amount  of  coupling  between  the  roll  and  yaw  axes  is  desirable  for 
improved  flying  qualities  and  precise  trucking.  The  ARI,  which  counters  the  yawing 
moments  produced  by  the  roll  control  surfaces,  was  one  of  two  features  specifically 
incorporated  to  precisely  control  this  coupling.  Because  of  the  wile  variation  in 
lateral  control-induced  yaw  with  angle  of  attack  and  Mach  number,  the  ARI  was  programmed 
as  a function  of  these  two  variables. 

Stability  Axis  Yaw  Damper 

The  yaw  axis  minimizes  roll-yaw  coupling  by  providing  a roll  rate-to-ruddej 
feedback  during  rolling  maneuvers.  The  roll  rate  signal  is  multipled  by  a signal 
proprotional  to  angle  of  attack  in  radians  and  summed  negatively  with  the  yaw  rate 
feedback  signal.  The  resulting  signal  is  an  approximation  of  stability  axis  yaw 
rate.  That  is 

Rstab  " Rbody  cos“  * Pbody  sin“ 

C Rbody  ~ Pbody  “rad 

This  feedback  attempts  to  cause  the  airplane  to  roll  about  the  stability  axis. 

Flight  test  results  show  that  adverse  yav  is  reduced  and  roll  performance  at  high 
angle  of  attack  is  improved  by  this  feedback. 

In  addition,  a lateral  acceleration- to -rudder  feedback  is  used  to  augment 
directional  stability. 

HIGH  ANGLE  OF  ATTACK  TEST  PROGRAM  DESCRIPTION 

A 25  degree  a-limiter  setting  was  used  during  the  initial  stages  of  testing  to 
provide  an  additional  margin  of  safety.  All-axis  pulses,  sideslips,  and  bank-to-bank 
rolls  were  performed  at  the  following  conditions: 


NORMAL 

ANGLE  OF  ATTACK, 

ACCEL. , 

DEG. 

3 

22  24  25 

1 

XXX 

2 

X X 

3 

X 

The  effectiveness  of  the  25  degree  a-llmiter  was  evaluated  by  performing  a series 
of  maneuvers  Intended  to  produce  high  a,  high  a rates,  and  low  airspeeds.  These  maneuvers 
Included 

1.  lg,  3g,  and  5g  idle  power  slow  downs  to  maximum  a 

2.  A 7g  slow  down  turn  from  supersonic  speed  at  maxlmun  power 
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3. 


High 


a-rate  wind  up  turns  to  maximum  a. 


4.  High  pitch  angle  climbs. 


Simulated  tactical  maneuvers  such  as  turn  reversals,  barrel  rolls,  vertical  and 
near-vertical  slow  downs  (referred  to  by  test  pilots  as  "hang  and  look"  maneuvers), 
aileron  rolls,  and  rudder  rolls  were  also  performed. 


After  a thorough  evaluation  of  the  envelope  allowed  by  the  25 
the  limiter  boundary  was  relaxed  to  26.7  degrees.  Three  flights  were 
a -limiter.  All  axis  pulses,  sideslips,  and  bank-to-bank  rolls  were 
ing  conditions: 


NORMAL 

ANGLE  OF  ATTACK, 

ACCEL. , 

DEG. 

8 

26  26.7 

1 

X X 

2 

X 

degree  a- limiter, 
made  with  the  26.7° 
made  at  the  follow- 


Maneuvars  to  evaluate  limiter  effectiveness  and  selected  tactical  maneuvers  were 
also  performed  with  the  26.7  degree  a-limiter. 

One  flight  was  then  made  with  a 31  degree  a-limiter  setting  primarily  to  obtain 
lateral-directional  stability  data.  Roll  end  yaw  pulses  were  obtained  at  26,  27  and  28 
degrees  a , and  sideslips  were  performed  at  26  and  27  degrees  a . 

It  is  interesting  to  note  that  these  maneuvers  were  not  flown  primarily  to 
identify  limits  to  be  observed  by  the  pilot,  but  rather  to  validate  the  departure 
prevention  features  of  the  flight  control  system.  With  the  system  configured  in 
accordance  with  test  results,  it  was  intended  that,  immediately  after  these  tests, 
the  aircraft  would  be  flown  in  an  aggressive  air-to-air  maneuvering  test  phase. 

It  is  also  interesting  to  note  that  because  of  the  inherent  electrical  and  hydrau- 
lic power  supply  redundancies  of  the  YF-16  flight  control  system,  it  was  not  i cessary 
to  provide  the  cu3tomary  emergency  hydraulic  and  electrical  power  supply  for  tne  test 
aircraft.  This  saved  time  and  cost  during  the  test  program,  and  provided  increased  con- 
fidence in  successful  system  operation  in  the  event  of  engine  stall/spooldown. 

It  was  also  not  necessary  to  install  a test  nose  boom,  since  the  existing 
air  data  sensors  were  adequate,  thus  YF-16  No.  1 was  quickly  configured  for  the  high 
test  program  and  later  deconfigured  with  a minimum  expenditure  of  manhours. 

FLIGHT  TEST  RESULTS 

As  stated  earlier,  rather  than  a detailed  discussion  of  the  results  of  the 
high-a  flight  test  program,  only  those  specific  events  and  topics  of  particular 
interest  are  addressed.  These  are  intended  to  illustrate  the  effect  of  the  unique 
aerodynamic  and  control  system  features  of  the  aircraft  on  its  high-a  characteristics. 

Angle  of  Attack  Limiter  Operation 

Various  maneuvers  were  performed  in  attempts  to  defeat  the  a-limiter,  that  is, 
to  induce  an  overshoot  of  the  limiter  boundary.  The  a-limiter  functioned  by  using 
pitching  moment  from  the  elevator  surface  to  counter  pro-departure  aerodynamic  or  inertial 
pitching  moments.  Test  results  showed  that,  with  certain  exceptions,  the  a-limiter 
provided  excellent  protection  from  loss  of  control,  and  enabled  the  pilot  to  maneuver 
safely  to  very  high  angle  of  attack  without  reference  to  cockpit  instruments.  Figure  3 
shows  normal  acceleration  and  angle  of  attack  data  obtained  during  maximum  conmand  wind- 
up turns  at  0.6,  0.8,  and  0.9  Mach  number  at  30,000  ft.,  illustrating  automatic  control 
of  angle  of  attack  within  safe  limit3.  Figure  4 illustrates  excellent  a-limiter  pro- 
tection during  a 60°  stick- free  climb  to  a minimum  airspeed  of  approximately  60  knots. 

During  the  termination  of  p.  vertical-entry  "hang  and  look"  maneuver  on  Flight  121, 
airspeeds  below  50  knots  were  encountered.  As  shown  in  Figure  5,  the  pro-departure 
inertial  moments  of  the  aircraft  during  this  maneuver  became  predominant  ove:  the  available 
stabilizing  aerodynamic  moments,  and  an  angle  of  attack  of  approximately  80°  was  momentarily 
encountered.  Such  predoitH..ance  of  inertial  over  aerodynamic  characteristics  is  typical 
of  extremely  low  speed  flight  in  any  fixed-wing  aircraft,  and,  in  tne  case  of  the  YF-16, 
it  establishes  the  limit  of  protection  available  from  the  automatic  features  of  the 
flight  control  system.  When  extremely  low  airspeeds  and  angle  of  attack  overshoots  were 
encountered,  however,  the  YF-16  exhibited  excellent  spin  resistance  (as  illustrated  by 
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Che  data  in  Figure  5),  and  a rapid  recovery  was  usually  achieved  as  dynamic  pressure 
increased. 
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ELAPSED  TIV.E  (SEC) 

Figure  5 Vertical  Climb  to  Low  Ainpeed 
Aileron- Rudder  Interconnect  Operation 

Figure  6 shows  data  recorded  during  a slow  deceleration  to  29°  or  . with  ARI 
off  curing  Flight  122  of  YF-16  No.  1.  (Note:  select  angle  of  attack,  orse5*elect»  i» 

the  middle  value  of  the  three  signals  from  the  three  sensors.  At  29°  a9elect 
test  aircraft  was  at  a true  angle  of  attack  of  approximately  31  deg.  Also  note  that 
the  a-limiter  boundary  had  been  relaxed  to  3J°  «sei.ect  ^or  Shis  particular  flight.) 

As  28°  «geiect  is  reached,  the  aircraft  begins  an  uncoomanded  yawing/rolling  motion 
to  the  left,  which  the  pilot  counters  by  application  of  right  stick  force.  However, 
with  ARI  off,  the  aileron-induced  yawing  moment  aggravates  the  yaw  divergence  and  side- 
slip angle  quickly  exceeds  10°,  at  which  time  the  pilot  applies  forward  stick  force, 
producing  a rapid  recovery.  On  an  earlier  test  run  during  this  same  flight,  however, 
rudder  pulses  and  sideslips  were  performed  at  this  same  angle  of  attack,  28°  «seiect» 
with  the  aileron- rudder  interconnect  on.  No  divergent  aircraft  motions  were  noted. 

The  aileron-induced  yawing  moment,  in  this  case,  was  cancelled  by  rudder  surface  de- 
flection produced  by  the  ARI. 

F-16  No.  1 Flight  117  Spin 

A spin  was  encountered  on  Flight  117  of  YF-16  No.  1.  This  was  the  only  spin  that 
occurred  luring  the  high  angle  of  attack  flight  test  program,  and  it  provides  a unique 
example  of  sustained  out  of  control  flight  and  recovery  of  a statically  unstable  air 
vehicle. 

Spin  Entry 

Spin  entry  occurred  during  termination  of  a sustained,  large  command,  360  degree 
rudder-induced  roll.  This  was  one  of  a series  of  aggressive  tactical  maneuvers  per- 
formed during  the  test  program  with  the  objective  of  clearing  the  aircraft  for  the  air 
combat  maneuvering  test  phase  that  was  to  follow.  It  was  intended  that  the  test  program 
should  include,  in  addition  to  the  traditional  high-ar  test  runs,  demonstrations  of 
maneuvers  that  might  be  performed  during  air-to-air  combat. 
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PITCH  ANGLE  (DEG) 
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Figure  6 lg  Deceleration 


The  pilot  applied  approximately  10  lbs.  left  rudder  pedal  force  to  initiate  the 
rudder  roll.  Maneuver  entry  was  at  34,800  ft.  altitude  and  150  knots  calibrated  air- 
speed. After  4 seconds,  having  rolled  through  approximately  90°  of  bank  angle  change, 
rudder  pedal  force  was  increased  in  an  attempt  to  increase  roll  rate.  During  this  pha3e 
of  the  maneuver  the  command  augmentation  feature  of  the  roll  axis  provided  right -wing- 
down  roll  command  in  opposition  to  the  apparently  uncommanded  left-wing-down  aircraft 
roll  rate.  This  cross-controlling  produced  an  increasing  amount  of  positive  sideslip 
angle  (wind  from  the  right  side  of  the  nose) . 

About  6.5  seconds  after  maneuver  entry,  the  elevator  surface  saturated  in  the 
full  trailing-edge-down  position  as  the  or-limiter  opposed  the  increasing  angle  of 
attack.  Figure  7 3hows  time  histories  of  various  flight  control  system,  aerodynamic, 
and  inertial  data  items,  and  will  be  used  to  illustrate  the  mechanism  of  spin  entry. 

The  pitch  acceleration  of  the  aircraft  was  in  response  to  the  sum  of  an  aero- 
dynamic moment,  an  inertial  moment,  and  an  engine  gyroscopic  moment.  Theoretical  time 
histories  of  the  components  of  aircraft  pitch  acceleration  due  to  each  of  these  three 
terms  are  shown  in  Figure  7.  The  aerodynamic  pitching  moment,  by  itself,  would  have 
produced  a nose-down  or  anti-departure  pitch  acceleration  during  the  entiy  phase.  This 
term, 
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on  the  other  hand,  remained  positive  (pro-departure)  throughout  the  spin  entry,  and  t’.-e 
sign  of  aircraft  yaw  rate  during  the  left  rudder  roll  was  such  that  the  engine  gyroscopic 
term, 
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TIME  SEC 

Figure  7 Spin  Entry 


was  also  positive , or  pro-departure.  Figure  7 shows  that  che  inertial  and  engine  gyro- 
scopic effects  combined  to  overpower  the  aerodynamic  effect,  causing  the  angle  of  attack, 
to  exceed  30°.  At  this  condition  directional  stability  had  become  negative,  and  a 
yawing/rolling  divergence  began.  The  pilot  then  applied  full  lateral  command  in 
opposition  to  the  left  roll;  however,  this  control  applicatioi  caused  further  sideslip 
angle  buildup  due  to  aileron  yaw,  and  caused  o and  p co  diverge  more  rapidly,  firmly 
establishing  the  aircraft  in  an  out-of-control  condition. 

S£i£ 


Time  histories  of  various  data  parameters  during  the  spin  are  shown  in  Figure  8. 
Body  angular  rates  were  oscillatory  in  all  three  axes.  Rotation  rate  was  slow  and 
in  close  agreement  with  NASA  spin  tunnel-derived  predictions.  Time  required  for  a 
360  degree  change  in  heading  was  8 to  9 seconds.  Angle  of  attack  varied  between  42 
and  96  degrees  during  the  spin,  while  angle  of  sideslip  varied  between  maximum  values 
of  + 24  degrees. 

Elevator  surface  activity  during  the  spin  was  primarily  in  response  to  the  auto- 
matic features  of  the  flight  control  system.  Angle  of  attack  was  very  high,  hence  the 
elevator  would  be  expected  to  remain  in  the  full  trailing-edge-down  position.  However, 
the  surface  position  time  history  in  Figure  9 shows  a definine  oscillatory  characteristic 
in  response  to  the  oscillatory  pitch  rate  of  the  aircraft  during  the  spin.  Based  on 
YF-16  wind  tunnel  data  at  extremely  high  angles  of  attack  (such  as  during  a spin),  the 
total  aerodynamic  aircraft  pitching  moment  is  relatively  Independent  of  elevator  surface 
position  and  is  strongly  nose-down.  Thus,  although  the  elevator  surface  position  is 
oscillatory  during  the  spin,  it  is  considered  to  have  little  effect  on  spin  character- 
istics or  recovery  capability. 
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Figure  8 Spin 


Spin  Reoovei 


The  pilot  applied  momentary  nose  down  stick  force  at  spin  entry,  then  removed  all 
control  inputs  while  analyzing  aircraft  motion  characteristics.  Correctly  identifying 
the  left  spin,  he  then  applied  the  pre-briefed  recovery  controls  of  left  stick  force  and 
right  rudder  pedal  force,  with  neutral  elevator  input.  A rapid  recovery  to  controlled 
flight  was  obtained,  with  less  than  2,000  ft.  altitude  loss  between  initial  recovery 
control  application  and  full  recovery.  Lateral  stick  was  very  effective  in  producing 
an  anti-spin  yawing  moment  and  a reduction  in  heading  rate,  which  permitted  the  nose- 
down  aerodynamic  moment  to  overpower  the  nosc-up  inertial  moment,  followed  by  a rapid 
reduction  in  angle  of  attack. 
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Figure  9 Roll  Reversals 


Flight  control  system  and  engine  performance  were  normal  during  the  spin.  The 
engine  remained  at  the  intermediate  thrust  condition  throughout  the  maneuver.  This 
maneuver  was  most  significant  in  that  it  demonstrated  that  a statically  unstable  aircraft 
could  be  safely  stalled,  spun,  and  recovered.  YF-16  sustained  rudder  rolls  were  pro- 
hibited as  a result  of  these  tests;  however,  since  they  cannot  be  performed  inadvertently, 
and  since  roll  performance  is  batter  with  ailerons,  sustained  rudder  rolls  are  of  very 
limited  tactical  significance  in  this  aircraft. 

Other  Maneuvers 


Additional  test  maneuvers  performed  included  coordinated  and  uncoordinated  (no 
rudder  pedal  inputs)  maximum  command  bank-to-bank  rolls  at  limit  a.  In  Figure  9 are 
shown  time  histories  of  data  obtained  during  such  runs.  Note  that  angle  of  attack  is 
precisely  and  automatically  controlled  during  these  test  runs,  and  that  the  aircraft 
exhibits  excellent  roll  response  at  high-o  . These  characteristics  of  safe  and  effec- 
tive high-o?  maneuverability  are  of  particular  importance  during  a low  speed  air-to-air 
engagement . 

The  time  histories  in  Figure  10  Illustrate  excellent  stability  and  control  char- 
acteristics during  a low  speed,  maximum  aft  stick  force  barrel  roll  performed  during 
Flight  121  of  YF-16  No.  1.  The  angle  of  attack  limiter  boundary  was  set  at  25°  for 
this  particular  flight. 

Maximum  command,  lg  entry,  180°  and  360°  aileron  rolls  were  performed  at  various 
e itry  angles  of  attack  to  assess  YF-16  roll  coupling  resistance.  These  maneuvers  were 
conducted  in  a buildup  series  on  Flight  113  of  YF-16  No.  1.  as  entry  angle  of  attack 
'.•as  gradually  increased,  peak  values  of  body  axis  pitch  rate  increased  correspondingly, 
and  maximum  elevator  also  increased  in  opposition  to  the  inertial  nose-up  pitching 
moment . This  maneuver  series  was  terminated  in  accordance  with  test  ground  rules  when 
maximum  elevator  reached  22°  trailing-edge  down  during  a 360°  maneuver  entered  from  17° 
angle  of  attack.  This  maneu"er  series,  along  with  the  "hang  and  look"  series,  documents 
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Figure  10  Low  Speed  Barrel  Roll 


the  fact  that  the  limit  of  protection  available  from  the  departure-prevention  features 
of  the  flight  control  system  occurs  at  low  airspeed  when  the  anti-departure  aerodynamic 
moments  can  be  overpowered  by  pro-departure  inertial  moments.  Improvement  in  low  speed 
protection  is,  of  course,  available  through  a variety  of  redesign  approaches  (such  as 
bigger  aerodynamic  surfaces);  however,  as  with  all  conventional  fixed-wing  aircraft, 
some  minimum- control  airspeed  will  still  exist  unless  reaction  controls  are  employed. 

On  the  YF-16,  this  minimum- control  airspeed  was  repeatedly  demonstrated  to  be  well  below 
that  which  would  be  encountered  during  normal  tactical  maneuvering.  The  aircraft  proved 
to  be  an  exceptional  air-to-air  fighter,  particularly  in  the  low  speed  region. 

An  interesting  example  of  the  effectiveness  of  the  depart- ure-prevention/maneuver 
enhancement  features  of  the  flight  control  system  is  provided  by  the. time  histories  shown 
in  Figure  11,  This  data  was  recorded  during  Flight  227  of  YF-16  No.  1 at  Edwards  AFB 
on  24  April  1975.  The  maneuver  is  a low  speed,  maximum  aft  stick  command,  maximum 
lateral  stick  command,  280°  roll  to  the  right  immediately  after  takeoff.  Note  that  angle 
of  attack  does  not  exceed  25°,  the  a-limiter  boundary.  Also  note  that  maximum  sideslip 
angle  is  limited  to  +5.5°  and  -4.5°,  although  body  axis  yaw  rate  exceeds  +25°/sec. 

CONCLUSIONS 

The  YF-16  demonstrated  outstanding  high-a  flight  characteristics  during  the  test 
program.  Control  was  excellent  during  aggressive  maneuvering  at  high  angle  of  attack 
and  low  airspeeds.  The  o-limiter  functioned  as  designed.  Flight  control  system  and 
engine  operation  were  normal  throughout  the  tests.  One  spin  was  encountered  as  a result 
of  a low  speed,  sustained  rudder  roll.  Spin  characteristics  and  spin  recovery  were 
demonstrated  to  be  in  close  agreement  with  the  slow,  oscillatory  mode  predicted  from 
NASA  spin  tunnel  tests.  These  tests  demonstrated  that  a statically  unstable  aircraft 
can  be  aggressively  maneuvered  at  very  low  dynamic  pressure  conditions  and  can  be 
stalled,  departed,  spun,  and  recovered  provided  adequate  control  power  i . available. 

Since  elevator  pitching  moment  is  a function  of  center  of  gravity  location,  the  aft  c.g. 
limit  must  be  established  to  insure  that  sufficient  pitching  moment  is  available  for 
recovery  from  any  out-of-control  event. 
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Figure  11  Roll  After  Tokeoff 
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SUMMARY 

The  operational  environment  of  today's  high  performance  U.  S.  Navy  aircraft  ia  such  that  the  aircraft 
are  frequently  flown  to  the  edges  of  their  maneuvering  flight  envelopes.  With  the  greater  use  of  the  high- 
angle-of-attack  flight  regime  has  come  an  increase  in  the  number  of  departure-related  incidents  and  acci- 
dents. This  has  brought  about  renewed  support  for  high-angle-of -attack  testing  at  all  command  levels  and 
has  stimulated  widespread  fleet  interest  in  the  evaluation  process,  resulting  in  invaluable  feedback  from 
fleet  pilots  as  to  their  experience  in  this  flight  regime. 

This  paper  presents  an  overview  of  the  problem  areas  presently  considered  most  significant  in  the 
high-angle-of-attack  flight  regime  in  U.  S.  Navy  aircraft.  The  U.  S.  Navy  philosophy  of  high-angle-or- 
attack  flight  testing  is  also  discussed,  with  example?  of  some  of  the  more  recent  urograms. 


INTRODUCTION 


From  the  designer  to  the  pilot,  everyone  associated  with  the  flying  qualities  of  high  performance 
military  aircraft,  particularly  of  the  fighter  or  attack  variety,  is  or  should  be  aware  of  the  importance 
of  the  high-angle-of-attack  flight  regime.  It  is  here  that  the  aircraft  will  spend  a significant  amount 
of  its  time  when  performing  the  mission  for  which  it  was  designed.  It  is  here  that  the  aircraft  must 
display  its  most  outstanding  performance.  It  is  also  here  that  the  aircraft,  when  pushed  beyond  its 
limits  of  controllability,  car.  seemingly  defy  all  laws  of  physics  and  principles  of  flight  with  which  its 

: surprised  and  often  bewildered  pilot  is  acquainted.  The  frequency  of  inadvertent  loss  of  control  at  high 

angle  of  attack  is  such  that  many  combat  aircraft  pilots  are  becoming  f.rmly  convinced  that  all  pilots  may 
be  divided  into  two  categories:  those  wiio  have  departed  controlled  flight,  and  those  who  will.  Most 

thoroughly  convinced  are  those  p .ots  who  fall  into  the  former  category. 

The  unfortunate  fact  concerning  departure  from  controlled  flight  at  hip.n  angle  of  attack  is  that 
many  aircraft  and  pilots  are  lost  each  year  due  to  failure  to  recover  from  the  out-of-control  flight 
condition.  The  circumstances  surrounding  the  losses  ar  • varied.  Departures  from  controlled  flight  may 
occur  unintentionally  during  high-g  maneuvers  or  intent  onally  during  a nose-high  deceleration  to  zero 
airspeed  in  an  attempt  to  gain  an  advantage  over  an  opponent  in  combat  maneuvering;  the  aircraft  may  spin 
and  the  gyration  be  identified  too  late  for  recovery,  or  a steep  spiral  may  be  mistakenly  identified  as  a 
| spin,  causing  recovery  controls  to  be  misapplied.  Whatever  the  circumstances,  departures  from  controlled 

flight  result  all  too  often  in  catastrophe.  A statistical  summary  of  out-of-control  aircraft  losses 
:■  since  July  1971  which  resulted  from  departures  at  high  angle  of  attack  for  four  models  of  U.  S.  Navy  and 

; Marine  Corps  aircraft  is  shown  in  table  I.  The  data  were  compiled  by  the  U.  S.  Naval  Safety  Center. 

; Table  I 

U.  S.  Navy  Out-of-Control  Losses 
FY-72  - FY-75 

Aircraft  Humber 

| A- 4 3 

. 

; TA-4  13 

; a-7  7 

F-4  19 

Quite  understandably,  such  statistics  have  drawn  interest  at  all  levels  of  command  and  participation 
in  the  U.  S.  Nava)  aviation  community.  Renewed  emphasis  on  high-angle-of-attack  characteristics  and 
; support  for  high-angle-of-attack  testing  have  been  generated  at  high  levels  of  command.  The  fleet  nas 

shown  more  than  casual  interest  in  the  design  and  test  and  evaluation  process.  Roth  the  fleet  and  the  test 
i and  evrluntion  communities  have  demonstrated  concerted  efforts  to  identify  and  solve  the  problems  that 

lead  to  statistics  such  as  those  shown  in  table  I.  Some  of  the  problem  areas  that  have  been  identified 
will  now  be  discussed. 


P-4/TA-4  AIRCRAFT 


SPECIFIC  HIGH-ANCLE-OF-ATTACK  PROBLEM  AREAS 


As  shown  in  table  I,  the  A-4  series  aircraft  (both  single-  and  two-seat  versions)  have  suffered 
heavy  out-of-control  leases  during  the  period  covered.  Significantly,  this  represents  a substantial 
increase  in  the  rate  of  out-of-control  losses  for  that  model  when  compared  to  earlier  years.  The  increase 
correlates  well  with  the  time  when  the  A-4/TA-4  aircraft  began  to  be  used  extensively  in  Air  Combat 
Maneuvering  (ACM)  training.  A further  breakdown  of  the  nature  of  the  aircraft  losses  gives  additional  in- 
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sight  as  to  the  real  nature  of  the  problem.  Of  the  thirteen  TA-4's  and  three  A-4's  lost  due  to  out-of- 
control flight  conditions,  sevei.  losses  (five  TA-4,  two  A-4)  occurred  during  ACM  flights.  During  the  ACM 
phase  every  known  departure  was  Initiated  from  the  90  degree  vertical  (nose-hlgn)  altitude,  zero  airspeed 
regime. 

The  introduction  of  the  A-4  to  the  rigors  of  ACM  has  shown  us  characteristics  we  had  neither  seen 
nor  worried  about  in  our  twenty-one  years'  experience  with  the  aircraft.  Although  we  have  known  for  some 
time  the  spin  characteristics  of  the  aircraft,  the  propensity  of  the  TA-4,  for  example,  to  undergo  extremely 
violent  post-stall  gyrations  following  decelerations  to  zero  airspeed  in  vertical  maneuvers,  and  its 
tendency  to  transition  rapidly  into  a fully  developed  inverted  spin  with  only  the  slightest  misapplication 
of  controls  came  as  a rude  awakening.  Only  in  the  past  two  years  with  extensive  flight  test  effort  have 
we  come  to  an  acceptable  level  of  understanding  of  this  problta.  Flight  tests  have  also  shown  that  this 
particular  problem  is  not  shared  to  the  same  degree  by  the  single  seat  A-4  aircraft. 

Apart  from  considerations  of  aircraft  usage,  there  are  design  deficiencies,  known  for  many  years, 
that  contribute  to  the  out-of-control  accident  statistics.  To  illustrate  two,  in  three  accidents,  asym- 
metrical slat  conditions  were  recorded  as  contributing  factors  srd  there  were  three  accidents  where  the 
pilots  reported  some  degree  of  incapacitation  while  experiencing  negative-g  that  restricted  their  ability 
to  effectively  manipulate  the  controls.  Asymmetric  slat  extension  in  the  A-4  aircraft  (the  slats  are  ex- 
tended terodyramlcally  and  each  operates  independently  of  the  other)  has  been  a known  problem  area  for  some 
time.  Solutions  have  been  proposed,  but  they  coot  money  that  has  not  been  available.  Two  U.  S.  Navy  squa- 
drons, Top  Gun,  who  use  A-4's  in  the  Navy  Fighter  Weapons  School  combat  training  exercises,  and  the  Navy 
Flight  Demonstration  Squadron  (Blue  Angels)  who  recently  transitioned  to  A-4's,  lock  the  slats  in  a per- 
manently closed  position.  At  some  sacrifice  in  maneuvering  perfoi  .nance,  this  precludes  asymmetric  slat 
extension  during  maneuvering  flight.  The  second  example  given  refers  to  the  lack  of  adequate  pilot  restraint. 
This  and  other  problem  areas  in  the  cockpit  are  not  limited  to  the  A-4/TA-4,  and  are  discussed  later  in  this 
paper . 

A-7  AIRCRAFT 


The  A-7  shows  a somewhat  better  accident  record.  Although  all  seven  were  out-of-control  resulting 
from  high-angle-of-attack  maneuvering,  none  are  believed  to  have  hit  the  ground  spinning.  The  A-7  is  not 
a spin-prone  airplane;  it  is  a departure-prone  airplane,  and  its  departures  from  accelerated  stalls  at 
other  than  slow  decelerations  are  extremely  violent , Aerodynamic  stall  in  the  A-7  occurs  very  close  to 
the  optimum  maneuvering  angle  of  attack.  In  the  vicinity  of  the  stall  angle  of  attack,  lateral-directional 
stability  is  weak.  Buffet  onset  and  buildup  occur  too  early  to  serve  as  acceptable  stall  warning.  Near 
the  stall,  buffet  Intensity  is  so  heavy  that  it  masks  the  artificial  stall  warning  provided  by  rudder 
pedal  shakers,  particularly  at  high  power  settings.  The  departure  may  occur  anywhere  between  stall  angle 
of  attack  and  several  degrees  above.  Hence,  by  exceeding  optimum  angle  of  attack,  a pilot  may  suddenly 
find  that  he  has  progressed  through  stall  warning,  stall,  and  departure  in  such  rapid  succession  that  he 
has  no  time  to  react  to  counter  it. 

The  A-7  departure  is  characterized  by  a rapid  nose  slice  accompanied  by  snap  rolls  in  the  direction 
of  the  slice.  The  ensuing  motions  are  violent  roll  and  yaw  motions  superimposed  on  milder  pitch  oscilla- 
tions, and  are  extremely  disorienting  to  the  pilot.  Recovery  is  consistently  accomplished  by  releasing 
the  controls,  and  typically  results  in  a near  vertical  nose-down  attitude  and  excessive  altitude  loss. 

This  description  of  the  A-7  departure,  necessarily  simplified  for  presentation  here,  is  the  root  of  the 
A-7'8  problems  at  high  angle  of  attack.  More  detailed  discussions  of  A-7  high-angle-of-attack  charac- 
teristics may  be  found  in  references  1 and  2. 

It  is  of  significance  to  note  that  of  the  seven  accidents  that  occurred  during  the  reporting  period, 
five  occurred  at  sufficient  altitude  for  recovery.  Furthermore,  six  of  the  seven  were  A-7E's.  Both  of 
these  statistics  lead  one  to  the  conclusion  that  lack  of  training  is  a problem.  In  the  former,  that 
conclusion  is  obvious.  In  the  latter,  the  reasoning  is  more  complex,  as  follows:  further  examination  of 

the  accident  statistics  reveals  that  the  departure  accident  rate  (based  on  flight  hours)  for  A-7C  and  E 
models  is  more  than  double  that  of  A-7A  and  B models.  Presently,  the  A/B  and  C/E  readiness  squadron 
syllabus  hours  are  the  same.  But  the  c/E  nodels  are  much  more  complex  weapons  systems  than  the  A/B 
models;  therefore,  for  a C/E  pilot  to  attain  the  same  level  of  proficiency  in  his  aircraft  as  an  A/B 
pilot,  more  syllabus  hours  are  needed.  It  i?  believed  that  the  higher  accident  rates  in  the  C/E  models  are 
related  to  this  training  deficiency.  Further  discussion  of  training  aspects  of  stall/spin  problems  is 
presented  later  in  this  paper. 

F-4  AIRCRAFT 


Of  the  nineteen  out-of-control  F-4  accidents  occurring  during  the  reporting  period,  nine  were  maneu- 
vering accidents,  while  the  remainder  occurred  during  takeoff  or  landing.  Four  of  the  total  were  directly 
attributed  to  material  failure,  and  material  failure  of  lesser  magnitude  is  believed  to  have  been  a 
factor  in  half  of  the  takeoff  and  landing  accidents.  Of  Interest  here  are  those  that  involved  no  material 
failure  as  a causal  or  contributing  factor. 

Of  the  takeoff  accidents  reported,  two  were  due  to  over-rotarion.  This  is  a problem  that  has  been 
with  the  F-4  all  Its  service  life  and  for  which  no  design  solution  will  ever  be  incorporated,  in  spite  of 
the  fact  that  it  has  accounted  for  many  losses  of  aircraft  over  the  years.  The  problem  of  over-rotation  on 
takeoff  can  be  consistently  avoided  with  proper  manipulation  of  stabilator  control.  It  is  interesting  to 
note  that  no  accidents  of  this  type  (nor  other  types  of  takeoff  or  landing  accidents)  have  occurred  in  the 
past  two  years. 

Departure  from  controlled  flight  while  maneuvering  is  a serious  problem  fot  the  F-4  as  it  is  with 
many  other  high  performance  aircraft  (see  references  3 and  4).  The  departures  are  not  as  violent  as  in  the 
A-7.  Neither  is  the  aircraft  particularly  susceptible  to  rapid  transitions  from  departures  to  spins,  pro- 
vided the  pilot  recognizes  his  situation  and  applios  forward  stick  to  unload  the  aircraft  in  a timely  manner. 
Herein,  however,  lies  part  of  the  problem;  the  fleet  pilot  is  apparently  experiencing  difficulty  in 
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recognizing  the  feet  that  his  aircraft  has  departed,  and  is  driving  the  aircraft  into  a regime  where 
recovery  is  more  difficult  and  more  altitude-consuming.  Flight  test  experience  in  the  F-4  indicates 
that,  while  natural  stall  warnings  of  airframe  buffet  and  lateral  instability  combined  with  the  rudder 
pedal  shaker  provide  the  pilot  excellent  warning  of  impending  normal,  one-g  stalls  , the  point  at  which 
the  aircraft  stalls  is  not  always  apparent  to  the  pilot  unless  he  checks  the  angle- of-attack  Indicator. 

Failure  to  recognize  the  stall  can  allow  the  pilot  to  drive  the  aircraft  into  a deop  stall  and  bring 
about  large  random  oscillations  about  all  axes  and  high  rates  of  descent.  On  the  other  ha  id,  impending 
accelerated  stalls  are  harder  to  recognize,  mainly  due  to  rapidity  of  entry;  but  once  the  . i. -raft  stalls, 
the  fact  that  departure  has  occurred  is  generally  unmistakable,  with  a snap  roll  opposite  .o  the  direction 
of  turn.  The  types  of  entries  in  which  the  fleet  pilots  are  experiencing  recognition  difficulties  have 
not  yet  been  determined,  but  it  is  suspected  that  they  are  at  low  speeds  and  low  normal  accelerations 
where  the  departures  are  milder.  Whatever  the  circumstances,  a recommendation  from  the  fleet  was  made  at 
the  U.  S.  Naval  Safety  Center  Conference  on  Out-of-Control  Aircraft  Losses  earlier  this  year  to  incor- 
porate a "departure  warning  device,”  to  warn  the  pilot  when  preset  departure  parameters  such  as  combina- 
tions of  angle  of  attack  and  yaw  rate  are  exceeded. 

Another  problem  with  the  F-4  aircraft  is  the  existence  of  the  flat  spin  mode.  While  this  mode  is 
seldom  entered,  when  it  does  occur,  it  is  irrecoverable.  None  of  the  nineteen  'oases  reported  in  table  I 
were  thought  to  involve  flat  spins.  Nevertheless,  the  existence  of  such  a mode  can  a significant 
factor  in  seemingly  unrelated  losses  due  to  the  added  anxiety  a pilot  experiences  when  he  loses  control 
of  his  aircraft. 

PILOT  FACTORS 

The  discussion  until  now  has  dealt  with  problems  specifically  related  to  the  aircraft  — design  problems. 
It  has  been  pointed  out  that,  in  the  case  of  the  TA-4  for  instance,  we  are  still  learning  new  things 
about  an  old  aircraft  through  fleet  experience  and  through  test  and  evaluation.  Implicit  in  the  preceding 
discussions  has  been  that  the  pilot  is  a large  factor  in  many  of  the  accidents,  frequently  through  no 
fault  of  his  own.  The  reason  — Insufficient  training  in  the  out-of -control  flight  regime. 

Given  the  less  than  desirable  high-angle-of -attack  characteristics  of  many  of  today's  high  performance 
military  aircraft,  the  largest  single  contributing  factor  to  the  high  accident  rates  appears  to  be  lack 
of  pilot  experience  in  recovery  from  out-of -control  flight  conditions.  Currently,  Navy  and  Karine  Corps 
student  pilots  are  trained  in  spin  recovery  in  T-34*s  in  basic  flight  trailing,  and  in  advanced  Jet 
training  receive  one  flight  dedicated  to  spin  practice  in  the  T-2  aircraft.  No  further  formal  training 
in  spin  and  recovery  is  ever  received  except  in  such  special  cases  as  Test:  Pilot  School  students  or  for 
instructor  pilots  in  the  training  squadrons.  It  is  no  wonder  that  when  a pilot  suddenly  finds  that  he  has 
departed  controlled  flight,  he  experiences  some  difficulty  in  handling  the  situation. 

The  first  problem  a pilot  is  likely  to  experience  following  a departure  is  in  recognizing  his  pre- 
dicament and  properly  identifying  the  motions  of  his  aircraft.  In  many  cases  the  pilot  fails  to  use  the 
only  positive  means  of  identification  of  the  situation,  his  instruments.  The  urge  to  look  outside  the 
cockpit  is  simply  too  great.  Knowing  wuat  his  aircraft  is  doing  is  essential  to  his  successful  recovery. 

In  the  case  of  epin,  a check  of  angle  of  attack  a..d  airspeed  is  of  primary  Importance  in  determining  if 
the  aircraft  is  in  fact  spinning.  To  apply  spir.  recovery  controls  when  the  aircraft  is  only  in  a steep 
spiral  dive  can  result  in  loss  of  the  aircraft  just  as  certainly  as  failure  to  apply  proper  recovery  con- 
trols in  a true  spin. 

Proper  use  of  the  controls,  particularly  the  lateral  controls,  following  departure  is  another  area 
where  pilot  training  is  deficient.  At  the  point  of  departure,  for  Instance,  the  pilot’s  natural  tendency 
is  to  counter  such  motions  as  a wing  drop  or  snap  roll  with  opposite  aileron.  This  holds  true  for  the  pilot 
inexperienced  in  out-of-control  flight  even  when  he  has  Just  been  briefed  on  correct  procedures  and  is 
intentionally  departing  the  aircraft,  and  is  borne  out  by  experience  with  student  pilots  at  the  U.  S.  Navel 
Test  Pilot  School.  The  proper  procedure  in  most  cases  is  to  accept  the  roll  and  whatever  other  gyrations 
the  aircraft  experiences  with  the  controls  either  physically  held  in  the  neutral  position  or,  in  the  case  of 
the  A-7,  by  releasing  the  controls.  Similar  difficulties  are  seen,  for  example,  in  using  aileron  in  the 
direction  of  the  erect  spin  in  order  to  recover  from  it.  Such  actions  are  unnatural  and  therefore  diffi- 
cult for  the  pilot  who  is  intent  on  controlling  his  aircraft,  and  must  be  ingrained  through  practice. 

A third  difficulty  experienced  by  the  pilot  is  that  his  concept  of  the  passage  of  time  changes 
radically,  by  a factor  of  five,  when  he  loses  control  of  his  aircraft.  This  fact  has  been  established  t/ 
comparing  actual  data  traces  to  the  statements  of  test  pilots  concerning  the  length  of  time  controls  were 
applied  to  recover  from  a spin.  Thus,  a pilot  might  think  he  has  held  recovery  controls  for  twenty 
seconds  with  no  apparent  results  and  eject,  when  In  reality  he  has  only  held  the  recovery  controls  for 
four  seconds  and  the  aircraft  has  not  had  time  to  recover.  A discussion  of  this  and  other  physiological 
factors  may  be  found  in  reference  5. 

SUMMARY  OF  PROBLEM  AREAS 


The  preceding  discussions  provide  only  cursory  treatment  of  the  main  problem  areas,  Lut  the  specific 
examples  presented  were  chosen  because  they  are  representative  of  the  type  of  problems  experienced  in  the 
U.  S.  Navy  and  Marine  Cocos  aviation  communities.  Before  proceeding  with  further  discussion  of  the 
problem  areas,  they  should  be  summarized.  Tha  main  areas  of  concern  are: 

1.  Lack  of  inherent  resistance  to  violent  departure  and  spin  in  many  airciaft  designs. 

2.  The  need  to  fully  explore  and  document,  through  test  and  evaluation,  the  out  of-control  charac- 
teristics and  recovery  procedures  for  all  high  performance  aircraft. 

3.  The  need  for  more  adequate  training  for  the  fleet  pilot  in  the  out-of-controj  flight  regime. 
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ELEMENTS  OF  T»!E  HIGH-ANGLE -OF-ATTACK  PROBLEM 


DESIGN  PROBLEMS 


The  ideal  solution  to  the  design  proolem  is  of  course  to  simply  design  aircraft  so  that  they  ere 
well-behaved  at  high  angle  of  attack  with  no  sacrifice  in  flying  o.uallties  and  performance  in  other 
flight  regimes.  Such  words  are  easy  to  say,  and  perhaps  are  said  on  occasion  by  those  not  Intimately 
familiar  with  the  problems  faced  In  implementing  a task  of  such  magnitude.  Those  problems  are  many  and 
range  from  lack  01  complete  understanding  of  the  mechanisms  that  trigger  violent  departure  from  con- 
trolled flight  to  the  unacceptablllty  of  known  solutions  in  terms  of  the  price  that  must  be  paid  in  other 
areas,  such  as  performance.  There  is  no  question  that  one  of  the  greatest  obstacles  faced  in  performing 
the  research  necessary  to  solve  many  of  our  design  problems  is  lack  of  funds.  But  current  fiscal  policies 
should  not  be  used  as  an  excuse  for  poor  performance.  They  sinply  mean  that  we  in  the  technical  conmuni'-y 
must  rely  more  heavily  upon  our  ingenuity  in  accomplishing  our  work,  work  more  closely  with  others  in  our 
field,  and  take  more  calculated  risks. 

Many  advances  in  aerodynamic  design  for  high-angle-of-attack  characteristics  have  been  made  in 
recent  years  and  are  continuing.  For  example,  the  concepts  of  wide  fuselage,  twin  vertical  tails,  and 
good  vortex  control  provided  by  a highly-swept  wing  leading  edge  at  the  wing-body  juncture  contribute  to 
the  excellent  high-angle-of-attack  characteristics  of  the  F-14.  Even  so,  the  aircraft  can  be  pushed  beyond 
the  limits  of  controllability  and  will  spin.  Perhaps  demonstration,  through  operational  experience,  of  the 
tactical  advantages  available  to  aircraft  that  perform  well  at  high  angle  of  attack  will  provide  the  Impetus 
needed  to  promote  further  major  advances  in  basic  aerodynamic  design. 

Since  we  have  not  yet  mastered  the  problems  associated  with  basic  aerodynamic  design,  we  resort  to 
other  means  of  inprovitig  the  controllability  of  our  aircraft  at  high  angle  of  attack.  Because  we  want  to 
minimize  the  requirements  for  positive  remedial  action  on  the  part  of  the  pilot  when  dangerous  flight 
conditions  are  approached,  we  implement  artificial  compensation  for  less  than  desirable  bare-alrframe 
characteristics  through  the  use  of  stability  augmentation  systems,  the  function  of  which  is  to  increase 
the  level  of  stability  about  one  or  more  axes  through  motion  of  control  surfaces  in  response  to  motions 
of  the  airframe.  Such  systems  have  their  opponents,  particularly  in  those  of  the  old  school  where  seat- 
of-the-pants  flying  was  the  rule.  Indeed,  auch  systems  are  not  without  drawback.  First  of  all,  they 
must  be  reliable  — they  must  work  when  they  are  needed.  The  added  complexity  they  introduce  to  the 
flight  control  system  tends  to  decrease  overall  reliability  and  adds  maintenance  requirements.  In  the 
functional  area,  while  some  such  systems  aid  the  aircraft  in  performing  at  high  angle  of  attack  and  even 
expand  the  safe  flight  envelope,  they  often  hinder  or  even  prohibit  recovery  of  an  aircre**-  that  has 
exceeded  its  maneuvering  limitations,  in  some  cases  even  driving  it  into  a spin.  Therefore,  a positive 
means  of  automatic  disconnect  of  me  system  at  the  right  moment  must  be  provided,  again  increasing  com- 
plexity. Variants  of  stability  augmentation  systems  include  such  systems  as  aileron-rudder  interconm ct, 
which  shifts  roll  control  from  aileron  to  rudder  as  angle  of  attack  Increases  while  the  pilot  centimes 
to  command  roll  control  with  the  stick,  and  systems  which  respond  to  limit  maximum  angle  of  attack  of  the 
aircraft.  While  not  all  variants  have  been  proven  in  operational  use,  stability  augmentation  in  some 
form  has  been  accepted  for  some  time  as  quite  suitable  for  its  intended  purpose  and  is  of  primary  impor- 
tance in  assuring  that  the  maximum  amount  of  the  flight  envelope  is  available  to  the  pilot. 

Even  with  the  best  of  inherent  aerodynamic  characteristics  and  artificial  stability  devices,  there 
are  limits  beyond  which  '.he  aircraft  should  not  be  maneuvered.  The  problem  is  to  warn  the  pilot  when  he 
is  approaching  these  conditions.  Natural  aerodynamic  stall  warning  is  the  most  desirable  means,  but  is 
not  always  available,  or  occurs  too  early  to  be  of  benefit  to  the  pilot.  Therefore,  we  must  provide  him 
with  various  types  of  artificial  stall  warnings.  These,  too,  have  drawbacks  and  in  many  cases  are  some- 
what ineffective.  Popular  types  of  artificial  stall  warning  devicec  are  rudder  pedal  or  stick  shakers 
and  aural  tone  devices.  The  effectiveness  of  these  systems  depends  very  much  upon  the  characteristics  of 
the  aircraft  in  which  they  are  installed  and  on  compatibility  with  other  aircraft  equipment.  In  the  case 
of  the  A-7,  rudder  pedal  shakers  are  masked  by  heavy  buffet  which  itself  appears  too  early  to  serve  as 
effective  stall  warning.  Aural  tone  systems  have  been  found  by  the  Navy  to  be  Ineffective  in  some  aircraft 
due  to  confusion  with  other  tones  providing  the  pilot  with  other  types  of  information.  Therefore,  care 
must  be  exercised  to  ensure  that  the  type  of  system  being  incorporated  will  be  compatible  with  its  opera- 
tional environment.  Also,  such  systems  by  their  nature  are  not  positive  deterrents  to  departure  from 
controlled  flight  and  their  usefulness  in  providing  sufficient  warning  to  the  pilot  in  rapid  approaches 
to  the  stall  is  doubtful. 

Recovery  from  out-of-control  flight  conditions  can  in  most  instances  be  virtually  guaranteed  by  the 
use  of  devices,  usually  parachutes  mounted  on  the  aft  fuselage,  designed  specifically  for  the  purpose. 

While  auch  devices  are  commonly  used  on  aircraft  in  high-angle-of-attack  flight  test  programs,  it  is 
generally  impracticable  to  incorporate  them  in  fleet  aircraft.  The  F-4  diag  chute  may  be  used  to 
assist  in  recovery  from  out-of-control  flight,  but  is  useless  in  the  flat  spin  mode;  increased  rudder 
throw  for  spin  recovery  is  available  in  the  A-6.  Except  for  these,  no  other  U.  S.  Navy  aircraft  have 
systems  which  may  be  used  to  augment  the  normal  flight  controls  in  out-of-control  recovery.  Perhaps 
consideration  should  be  given  to  incorporation  of  spin-recovery  devices  on  fleet  aircraft  dedicated  to 
frequent  use  in  flight  regimes  where  the  probability  of  loss  of  control  is  high  (i.e.,  aircraft  used  in 
air  combat  maneuvering  training) . 

A discussion  of  design  problems  should  not  be  limited  to  aerodynamic  design.  Of  equal  importance  is 
the  cockpit.  Two  problem  areas  Identified  during  recent  flight  test  programs,  and  with  which  fleet 
pilots  have  reported  difficulties  during  attempts  to  recover  from  out-of-control  flight  conditions,  are 
location  of  instruments  and  the  lack  of  effectiveness  of  pilot  restraint  systems.  The  importance  of 
reading  such  instruments  as  the  angle  of  attack,  airspeed,  and  turn  indicators  in  identifying  aircraft 
motions  has  already  been  discussed.  In  many  cases  it  has  been  reported  that  one  or  more  of  these  instru- 
ments could  not  be  readily  seen  by  fhe  pilot  during  out-of-control  flight.  Some  models  of  the  TA-4,  for 
instance,  have  the  angle-of-attack  indicator  located  beneath  the  glare  shield  in  such  a manner  as  to  be 
concealed  from  the  pilot's  view  when  he  i3  fo-ced  up  and  out  of  his  seat  by  negatlve-g's.  This  brings  us 
to  the  second  problem  area,  that  of  inadequate  pilot  restraint  systems.  This  problem  is  common  to  the 
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A-4/TA-4,  A-7,  and  F-4  aircraft.  Aside  from  causing  difficulty  for  the  pilot  in  reading  hia  instruments, 
poor  restraint  systems  unnecessarily  complicate  proper  control  Inputs,  allow  the  pilot  to  "rattle  around" 
in  the  cockpit,  which  adds  to  his  disorientation,  and  can  leave  hlr.  dangerously  out  of  position  for 
ejection  should  it  become  necessary.  One  pilot,  when  asked  if  he  had  ret.rded  the  throttle  after  he  had 
departwi  controlled  flight  in  an  A-4,  replied,  "No,  it  was  the  only  thing  1 had  to  hang  on  to!" 

FLIGHT  TEST  PHILOSOPHY 


In  ".he  course  of  an  aircraft  development  program  high-angle-of-attack  data  are  generated  in  many 
ways  — by  analysis  and  by  various  types  of  aerodynamic  testing  — long  before  a flyable  machine  is  available 
(see  reference  6).  But  the  real  proof  of  design  and  identification* of  the  true  aircraft  characteristics  at 
high  angle  of  attack  can  be  obtained  only  through  a well-structured  and  thorough  flight  test  program  such 
as  that  described  in  reference  7.  Typically,  the  U.  S.  .Javy  conducts  its  high-angle-of-attack  flight 
test  programs  in  two  phases,  the  first  of  which  is  contractor  demonstration,  followed  by  Navy  evaluation. 

The  contractor's  role  is  to  investigate  and  identify  any  and  all  attainable  motions  of  the  out-of- 
control aircraft  that  the  fleet  pilot  might  be  expected  to  encounter,  and  to  determine  whether  or  not 
the  aircraft  is  recoverable  from  these  conditions.  The  end  result  is  that  the  most  critical  conditions 
are  demonstrated  to  a Navy  witnessing  authority,  usually  a team  of  test  pilots  and  engineers  from  the 
U.  S.  Naval  Air  Test  Center.  After  the  contractor  has  satisfactorily  completed  his  task,  the  Navy  evalua- 
tion can  begin.  This  phase  of  the  flight  test  program  is  designed  to  accomplish  many  things.  Techniques 
for  avoidance  of  out-of-control  conditions  are  developed.  The  aircraft  is  driven  repeatedly  irto  the 
regions  where  the  contractor  has  demonstrated  recoverability  to  ensure  that  is  it  indeed  consistently 
recoverable.  Recovery  procedures  are  optimised  for  the  fleet  pilot  from  both  the  standpoints  of  mini- 
mizing the  numbers  of  different  techniques  required  for  recoveries  from  various  conditions  and  in  simpli- 
fication of  the  positive  pilot  actions  required.  Recommendations  are  made  as  to  what  types  of  stall, 
departure,  or  spin  training  may  be  safely  performed  in  the  aircraft.  The  information  obtained  during  the 
evaluation  is  fully  documented  in  report  form,  and  is  the  basis  for  the  information  provided  the  fleet 
pilot  in  the  flight  manual. 

This  -uproach  to  high-angle-of-attack  flight  tasting  has  been  practiced  for  many  years.  However, 
recent  programs  have  seen  a shift  in  basic  philosophy;  instead  of  extensive  investigation  of  fully 
developed  spins,  more  emphasis  is  being  placed  on  the  stall/departure  phases  of  out-of-control  flight. 

Whereas  the  contractor  was  once  obligated  to  drive  the  aircraft  into  fully  developed  spins  by  whatever 
normal  means  necessary,  he  has  in  more  recent  programs  been  allowed  to  limit  his  attempts  to  the  ise  of 
pro-spin  controls  for  "reasonable"  time  periods,  and  has  been  allowed  sore  relief  from  the  number  of 
turns  required  once  the  aircraft  enters  th"  spin.  Hence,  the  contractor  may  now  satisfy  his  obligation 
to  demonstrate  his  aircraft's  high-angle-of-attack  characteristics  by  showing  that  the  aircraft  possesses 
departure  or  spin  resistance.  His  primary  role  in  the  flight  test  effort,  that  of  demonstrating  most 
critical  conditions  attainable,  has  not  changed;  and  the  responsibility  for  developing  departure-  and 
spin-avoidance  techniques  remains  with  the  Navy.  The  definition  of  "most  critical  conditions"  has  changed, 
however,  and  reflects  new  Navy  thinking  as  to  what  conditions  the  fleet  pilot  might  reasonably  be  expected 
to  encounter.  It  should  be  added  that  the  Navy  high-angle-of-attack  flight  test  philosophies  have  been 
Influenced  by  recent  U.  S.  Air  Force  thinking  as  reflected  in  references  8,  9,  and  10  on  the  same  subject. 

The  differences  that  exist  appear  to  lie  in  the  extent  to  which  the  contractor  is  tasked  to  develop  opera- 
tional techniques,  with  the  Air  Force  apparently  relying  more  heavily  upon  him  for  these  tasks  than  does 
the  Navy. 

TRAINING  PROBLEMS 


An  overwhelming  number  of  out-of-control  accidents  are  a direct  result  of  the  inability  of  the  pilot 
to  cope  with  his  aircraft  at  high  angles  of  attack,  either  before  or  after  departure.  More  adequate 
training  in  this  flight  regime  would  then  appear  to  offer  a solution  to  many  of  our  problems.  Except  in 
rare  cases  involving  material  failure  or  pilot  incapacitation,  a properly  trained  pilot  should  be  able  to 
avoid  or  recover  from  most  out-of-control  situations.  While  some  basis  exists  for  such  a statement,  there 
are  obstacles  to  overcome  before  it  can  be  truly  tested. 

The  most  desirable  type  of  training  is,  of  course,  flight  training  in  the  type  aircraft  to  which  the 
pilot  is  assigned,  or  in  an  aircraft  which  demonstrates  characteristics  representative  of  his  aircraft. 

But  some  aircraft  are  simply  not  suitable  for  training  in  all  phases  of  out-of-control  flight  — t.ie  F-4 
by  virtue  of  its  irrecoverable  flat  spin  mode,  the  TA-4  because  of  its  extremely  disorienting  inverted 
spin  mode.  Even  in  aircraft  that  do  not  exhibit  such  undesirable  characteristics,  such  a program,  no 
matter  how  closely  controlled,  would  inevitably  result  in  seme  aircraft  losses  in  training.  Although  it 
is  a virtual  certainty  that  operational  losses  prevented  by  the  training  would  more  than  offset  training 
losses,  the  unfortunate  fact  is  that  aircraft  lost  are  much  more  easily  counted  than  are  prevented  losses. 
This  is  a major  obstacle  in  the  justification  of  post-stall  training. 

The  question  o'  hoy  to  best  implement  high-angle-of-attack  flight  training  also  raises  problems.  In 
order  to  renain  proficient  in  the  high-angle-of-attack  flight  regime,  a pilot  should  receive  training  on 
a recurring  basis,  preferably  every  six  months,  and  certainly  no  less  frequently  than  once  a year.  There 
is  no  recurrent  training  now  established  at  such  intervals,  so  incorporation  of  this  type  of  training  into 
an  existing  training  cycle  is  not  a possibility  if  the  yearly  criterion  is  to  be  met.  The  choices  are 
then  limited  to  two:  establish  separate  high-angle-of-atl ack  training  units  through  which  all  fleet 

pilots  are  cycled  at  regular  Intervals,  or  designate  instructors  to  provide  the  training  within  the 
squadrons  at  specified  Intervals. 

Neither  alternative  currently  appears  practicable.  The  former  requires  dedicated  aircraft  and  manpower. 
Such  specialized  usage  of  assets  is  not  likely  to  receive  favor  in  these  days  of  tighter  defense  budgets. 

The  second  alternative,  that  of  training  within  the  squadron  presents  a problem  l-.i  the  allocation  of  limited 
operational  flight  hours  for  this  purpose  and  would  cause  difficulty  in  maintaining  controls  over  a 
program  where  numerous  diversities  are  likely  to  emerge. 
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A third  Alternative  exlete,  but  will  not  provide  the  deelred  annual  or  a •Bi-annual  retraining.  Thla 
is  to  incorporate  high-angle-of-attack  syllabi  In  the  readiness  squadrons  where  pilots  receive  training 
prior  to  Initial  deployments,  after  tours  of  duty  involving  infrequent  flying,  and  whan  changing  aircraft 
type.  Here  the  pilots  would  receive  exposure  to  out-of-control  flight  under  close  supervision  of  qualified 
instructor  pilots  — perhaps  not  at  the  desired  interval,  but  experience  indicate?  some  training  of  this 
type  is  better  than  none  at  all. 

The  last  alternative  given  (training  in  the  readiness  squadrons)  appear -i  to  be  the  only  one  which  is 
feasible  at  this  time.  In  fact,  such  s program  has  been  implemented  on  a trial  basis  in  one  of  the  A-7 
training  squadrons  with  promising  results.  In  the  normal  course  of  training,  students  are  encouraged  to 
depart  controlled  flight  in  the  A-7,  and  are  emerging  with  a significantly  Improved  level  of  confidence  in 
the  capabilities  of  the  aircraft  and  in  themselves.  This  type  of  training  in  the  A-7  is  low-risk  in 
comparison  to  other  aircraft;  the  A-7  exhibits  no  motions  from  which  recovery  is  extremely  difficult  and 
is  not  prone  to  spin.  Perhaps  continued  success  will  set  a precedent  for  limited  post-stall  training  in 
other  aircraft  types  where  it  is  even  more  desperately  needed. 

Flight  simulation  might  seem  to  offer  a satisfactory  solution  to  the  training  problem.  Indeed  it  can 
be  useful  in  the  pre-stall  high-angle-of-etteck  regime,  but  some  difficulty  is  encountered  when  attempting 
to  simulate  post-stall  or  out-of-control  aircraft  characteristics.  The  problem  rests  in  two  areas: 
formulation  of  ar  accurate  mathematical  model  of  the  aircraft  motions  and  obtaining  accurate  dynamic 
stability  derivatives  at  high  angle  of  attack.  A further  deficiency  of  flight  simulation  of  out-of- 
control flight  la  that  the  limited  motions  generated  by  the  device  are  not  truly  representative,  depriving 
the  student  of  a very  important  part  of  his  familiarization  with  this  flight  regime.  Therefore,  while  some 
constituents  ot  the  training  community  maintain  that  a good  Job  of  procedural  training  in  hlgh-angle- 
of-attack  maneuvering  and  departure  avoidance  can  be  accomplished  with  existing  simulators,  little  promise 
is  seen  in  the  near  term  for  totally  satisfactory  high-angle-of-attack  training  in  flight  simulators. 

Narrated  spin  movies  for  most  U.  S.  Navy  high  performance  aircraft  models  now  in  service  are  provided 
to  the  fleet.  These  films  accurately  depict  the  out-of-control  characteristics  and  avoidance  and  recovery 
procedures  for  the  aircraft,  and  even  go  into  some  detail  as  to  why  the  aircraft  reacts  as  it  does.  Such 
films  would  be  a useful  classroom  supp/ement  to  an  in-flight  departure  training  program  — they  are  no 
substitute. 

Cuier  "classroom"  activities  have  included  lecture  tours  by  U.  S.  Naval  Air  Test  Center  pilots  who 
had  recently  completed  spin  flight  test  programs.  Of  two  recent  tours,  held  within  the  A-4  community,  the 
first  (discus  led  in  reference  11)  included  spin  demonstration  flights  in  TA-4's.  Both  the  lectures  and 
flights  were  well  received,  and  highly  effective  from  the  standpoint  of  the  direct  communication  afforded 
between  fleet  pilots  and  spin  project  pilots  on  a somewhat  mysterious  and  foreboding  flight  regime.  The 
demonstration  flights  generated  much  enthusiasm  for  formal  spin  training  in  TA-4's  for  the  A-4  commun'»'v, 
and  effectively  reduced  or  eliminated  the  apprehension  c.  spinning  the  aircraft  previously  held  by  the 
participating  pilots.  In  short,  the  reactions  of  the  pilots  to  whom  spinB  were  d-saonstrated  in  TA-4’s 
were  very  much  like  those  of  pilots  who  have  participated  in  the  trial  A-7  departure-training  program 
discussed  earlier. 

Hopefully,  this  discussion  has  shed  some  light  on  the  high-angle-of-attack  training  deficiencies 
currently  experienced  in  the  U.  S.  Navy.  Diligent  efforts  are  being  made  to  overcome  the  obstacles  which 
stand  in  tne  way  of  flight  training  programs.  The  programs  are  desperately  needed  if  we  are  to  reduce  our 
out-of-control  losses. 


U.  S.  NAVY  HIGH-ANGLE-OF-ATTACK  FLIGHT  TEST 

The  preceding  discussions  have  dealt  with  the  problem  s"eas  faced  by  the  U.  S.  Naval  aviation  com- 
munity in  the  high-angle-of-attack  flight  regime.  It  is  Important  to  note  that  many  of  the  conclusions 
could  not  have  heen  reached  through  testing  alone;  the  importance  of  the  information  available  through 
close  liaison  with  the  aircraft  users  in  the  fleet  must  not  be  overlooked.  Conversely,  neither  can  we 
depend  solely  on  operational  experience  for  all  the  answers.  While  the  fleet-supplied  information  is  very 
useful  in  identifying  problem  areas,  flight  testing  under  controlled  conditions  by  highly  trained  specialists 
remains  an  essential  tool  in  solving  these  problems. 

Such  a capability  is  maintained  at  the  U.  S.  Naval  Air  Test  Center,  located  at  Patuxent  River  Naval 
Air  Station,  Maryland.  It  is  here  that  the  U.  S,  Navy  trains  its  test  pilots,  who  are  typically  above- 
average  Navy  pilots  with  approximately  1500  hours  flight  time  and  with  recent  operational  flight  experience. 
Upon  completion  of  an  intensive  eleven-month  course  of  instruction  at  the  Naval  Test  Pilot  School,  the 
pilots  then  generally  serve  a two-  to  three-year  tour  at  the  Naval  Air  Test  Center  in  project  work.  In 
audition  to  the  test  pilots,  a civilian  engineering  force  highly  qualified  in  flight  testing  is  main- 
tained. This  team  of  pilots  and  engineers  provides  a necessary  mix  of  recent  fleet  operational  experience 
provided  by  the  test  pilots  and  a wealth  of  flight  test  experience  and  continuity  provided  by  the  engineers. 

The  Naval  Air  Test  Center  maintains  an  array  of  up-to-date  flight  test  equipment  and  continues  to 
expand  its  capabilities.  A most  recent  addition  is  the  Real-Time  Telemetry  Processing  System,  a complex 
assemblage  of  transmitting  and  receiving,  data  processing,  ar.d  audio-visual  equipment  for  the  purpose  of 
monitoring  the  progress  of  various  flight  test  programs  as  they  are  being  performed.  The  flight  test 
applications  of  such  a system  are  limitless,  not  the  least  important  of  which  is  in  high-angle-of-attack 
testing. 

The  basic  U.  S.  Navy  philosophy  of  high-angle-of-attack  testing  has  already  been  discassed  A brief 
description  of  test  procedures  and  techniques  will  now  be  presented. 

FLIGHT  TEST  PROCEDURES  AND  TECHNIQUES 

There  is  probably  no  other  type  of  flight  testing  which  requires  a more  comprehensive  background 
information  gathering  program  than  high-angle-of-attack  testing.  As  previously  discussed,  U.  S.  Navy 


20-7 


programs  occur  only  after  the  contractor  has  demonstrated  the  most  critical  out-of-control  conditions  of 
the  particular  aircraft  involved.  During  the  spin  demonstrations,  a wealth  of  important  information  is 
obtained  which  is  fully  exploited  and  utilised  by  the  Navy  teat  team.  In  addition,  any  areas  which  are 
not  clear  or  need  further  amplification  are  discussed  with  the  contractor  pilot  who  flew  the  spin  demon- 
stration. Other  useful  information,  obtained  through  ar.a.lysi'j  and  aerodynamic  model  investigations  which 
are  performed  prior  to  the  contractor's  spin  work,  are  takrn  into  account  in  finalizing  the  test  plan. 

Where  applicable,  experience  gained  through  previous  high-angle-of-attack  testing  of  similar  configurations 
is  used  as  a baseline  for  new  testing.  Only  after  all  available  data  have  been  thoroughly  examined  can 
U.  S.  Navy  high-angle-of-ettack  flight  testing  begin. 

TEST  INSTRUMENTATION 

A properly  instrumented  aircraft  is  of  maximum  importance  in  high-angle-of-attack  testing  due  to  the 
rapidity  with  w ilch  the  values  of  critical  parameters  change  in  out-of-control  maneuvers.  An  on-board 
magnetic  tape  system  and  a telemetry  transmitter  and  ground  monitoring  station  constitute  the  primary 
recording  media  used  at  the  Naval  Air  Test  Center. 

With  telemetry  data  the  project  engineer  is  able  to  monitor  in  real  time  all  parameters  critical  to 
safety  of  flight.  Typical  telemetered  parameters  might  consist  of  the  following:  altitude,  airspeed, 

angle  of  attack,  aircraft  rates  (pitch,  roll,  yaw),  aircraft  attitudes  (pitch,  bank,  sideslip),  azimuth  or 
heading,  control  positions,  and  engine  operating  conditions.  The  ground-recorder  data  are  presented  in  a 
logical  format  with  realistic  polarity  and  with  overlays  showing  parameter  calibrations  and  limits,  so 
that  the  project  engineer  can  readily  interpret  the  data.  The  on-board  tape  recorder  greatly  expands  the 
data  gathering  capability,  necessary  for  comprehensive  data  analysis  and  for  reaching  final  conclusions. 

The  list  of  recorded  parameters  can  be  increased  to  Include  such  thinga  as  the  cockpit  control  positions 
and  forces,  accelerations  at  the  center  of  gravity  ar.J  pilot's  station,  expanded  engine  monitoring,  and 
many  other  useful  parameters  not  sufficiently  critical  to  safety  of  flight  to  warrant  real-time  monitoring. 

Pilot 's-eye-vtew  motion  picture  coverage  from  a cockpit  mounted  camera  and  film  shot  from  externally 
mounted  cameras  are  used  to  record  the  relative  motion  of  the  outside  world.  The  pilot 's-ov e-view  should 
also  include  coverage  of  the  cockpit  instruments.  These  films  are  useful  in  reconstructing  aircraft 
motions  and  show  to  some  degree  the  relative  violence  of  the  maneuvers  as  seen  from  the  cockpit.  Motion 
picture  films  from  phototheodolites  (ground  cameras)  with  radar  tracking  for  aircraft  acquisition  are  very 
useful  in  showing  the  real  life  sequence  of  the  spin  and  provide  the  capability  of  slow  motion  analysis  of 
aircraft  motions.  The  film  is  subsequently  used  along  with  cockpit  films  for  high-angle-of-attack  training 
films  and  presentations  to  fleet  pilots.  Another  feature  available  at  the  Naval  Air  Test  Center  is  a 
real-time  television  monitoring  capability  which  is  part  of  the  pi-'totheodolite  system.  With  this  system 
the  project  engineer  can  visually  monitor  the  aircraft  motions  i ,1  time  in  concert  with  the  telemetered 
parameters.  With  this  information,  the  project  engineer  can  be  vv.y  helpful  to  the  project  pilot  in 
describing  the  aircraft  motions. 

The  test  aircraft  cockpit  is  configured  to  provide  the  pilot  with  controls  for  activation  of  all  data 
recording  devices.  In  addition,  there  are  several  devices  which  may  be  Installed  to  provide  the  pilot 
with  orientation  cues  and  warning  signals.  These  devices  include  oversized  turn  needle  (cr  roll  and  yaw 
lights) , single  pointer  altimeter  (such  as  a glare-shield-mounted  cabin  pressure  altimeter  hooked  to  the 
regular  static  source),  low  altitude  warning  lights  and  aural  warnings,  and  direct  readouts  of  any  parameters 
considered  critical.  However,  some  discretion  must  be  applied  in  the  addition  of  such  devices;  the  cockpit 
should  remain  as  near  production  as  possible.  By  making  the  cockpit  too  non-representative  of  that  to  be 
delivered  to  the  fleet,  certain  problems  may  be  overlooked  in  the  course  of  a flight  test  program  that  the 
fleet  pilot  will  face  when  he  encounters  similar  conditions  in  a production  aircraft. 

The  project  pilot  will  find  it  extremely  difficult  to  remember  the  details  of  each  maneuver  long 
enough  to  write  them  on  a kneeboard,  another  psycho-physiological  phenomenon  discussed  in  reference  5. 
Therefore,  the  pilot  is  provided  with  e kneeboard-  or  cockpl t-mnur.tpd  tape  recorder,  or  a telemetry 
channel  is  provided  for  voice  recording.  The  recording  device  permits  the  pilot  to  make  a running  com- 
mentary of  the  maneuver  as  it  progresses  through  its  various  phases.  The  recorder  is  particularly  valuable 
for  mission  suitability  observations. 

SAFETY  CONSIDERATIONS 

A chase  aircraft  is  mandatory  on  all  flights  in  a U.  S.  Navy  high-angle-of-attack  program.  The  chase 
aircraft  must  be  compatible  with  the  test  aircraft.  The  use  of  a chase  aircraft  that  has  large  disparities 
in  performance  with  the  test  aircraft  results  in  unnecessary  flight  delays  while  waiting  for  the  chase 
aircraft  to  get  in  position.  On  the  other  hand,  a chase  aircraft  with  low-speed  handling  qualities 
inferior  to  the  test  aircraft  may  cause  difficulty  in  closely  monitoring  the  teat  aircraft  in  slow-speed 
flight  and  in  the  spin.  The  chase  pilot  is  tasked  to  maintain  surveillance  of  the  test  area,  observe 
aircraft  motion,  count  spin  turns,  and  act  as  a safety  backup  by  monitoring  altitude  and  inspecting  the 
test  aircraft  at  frequent  intervals  tor  any  external  signs  of  damage  or  stress.  A non-single-seat  chase 
aircraft  can  provide  space  for  a photographer  to  obtain  air-to-air  photo  coverage  of  selected  maneuvers. 

Each  aircraft  to  be  tested  in  a U.  S.  Navy  high-angle-of-attack  program  is  fitted  with  an  appropriate 
spin-recovery  device.  This  emergency  device  can  be  utilized  by  the  pilot  when  aerodynamic  controls  are 
Ineffective  in  recovering  the  aircraft  from  spin.  Most  commonly  used  is  a spin-reovery  parachute  which  is 
deployed  behind  the  aircraft  to  slow  the  yaw  rate,  lover  angle  of  attack,  and  thereby  force  recovery  from 
the  spin.  Spin-recovery  parachutes  are  of  many  types  and  sizes  and  the  requirements  for  a particular 
chute  are  determined  through  spin  tunnel  teste.  Anti-yaw  rockets  have  also  been  used  as  spin-recovery 
devices.  But  whatever  tho  type,  the  spin-recovery  device  used  must  have  been  demonstrated  by  the  contractor 
during  the  spin  demonstration  in  the  following  manner:  the  device  is  checked  out  on  the  ground  and  in 

flight  prior  to  the  commencement  of  the  high-angle-of-attack  demonstration  program  to  ensure  tivit  its 
mechanism  functions  properly.  If,  at  the  end  of  the  denonstration  program,  the  device  has  not  been  used  to 
recover  from  a critical  spin  condition,  each  u condition  is  set  up  specifically  for  the  purpose  of  demon- 
strating that  the  opin-recovery  device  will  force  recovery.  The  project  team  should  be  thoroughly  familiar 
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with  the  operation  and  any  possible  limitations  of  the  emergency  recovery  device. 

Emergency  spin-recovery  devices  obviously  require  actuation  from  the  cockpit.  The  actuation  devices 
must  be  easily  accessible  srl  operated  with  one  pilot  movement.  Favorite  locations  are  the  left  top  of 
the  glare  shield  or  the  left  forward  instrument  panel.  A spin-recovery  parachute  requires  Jfttiaoning 
after  spin  recovery.  The  jettisoning  can  be  nearly  as  critical  as  the  deployment;  therefore,  the  jettison 
actuator  should  be  designed  and  located  with  similar  care.  A de-arming  feature  must  be  provided  so  that 
the  spin-recovery  device  is  armed  only  when  the  high-angle-of-attack  testing  is  in  progress.  Accidental 
deployment  of  a rocket  or  a parachute  during  the  takeoff  or  landing  could  be  dlaastrous. 

FLIGHT  PROGRAM 

There  is  "robably  no  other  type  of  flight  testing  which  requires  a more  comprehensive  and  logical 
buildup  program  than  high-angle-of-attack  evaluations.  Irogram  planning  begins  with  a complete  study  by 
the  pilot  and  engineer  of  all  previous  spin  data  on  the  aircraft  to  be  evaluated,  as  previously  dis- 
cussed, as  well  as  a look  at  earlier  spin  reports  in  order  that  they  appraise  themselves  of  any  problem 
areas  which  might  have  occurred  in  previous  evaluations.  The  project  pilot  will  provide  himself  with 
several  spin  familiarization  flights  in  aircraft  clear  < for  intentional  spins. 

Having  completed  the  planning  phase,  the  project  pilot  is  ready  to  begin  buildup  flights  in  the 
aircraft  to  h»  evaluated.  Prior  to  commencement  of  actual  high-angle-of-attack  tests,  the  project  pilot 
devotes  some  flights  to  dive  pull-out  at  various  airspeeds,  angle  of  attack,  and  power  settings  with  and 
without  speed  brake.  A dive  pull-out  table  can  then  be  prepared  from  which  decision  altitudes  can  be 
established.  Decision  altitudes  should  include: 

1.  Altitude  at  which  to  stop  other  than  optimum  recovery  tests; 

2.  Altitude  for  spin-recovery  device  deployment; 

3.  Ejection  or  bailout  altitude. 

It  is  important  for  the  pilot  and  the  engineer  to  have  these  altitudes  fixed  firmly  in  their  minds  prior 
to  proceeding  with  any  high-angle-of-attack  teatlng.  If  a certain  critical  altitude  is  reached,  the  pilot 
will  have  a preplanned  course  of  action  to  follow  and  will  not  delay  in  making  the  proper  decision  as  to 
emergency  spin-recovery  device  actuation  or  ejection.  Should  the  pilot  fall  to  immediately  recognize  the 
criticality  of  his  situation,  the  project  engineer  on  the  ground  can  provide  the  warning. 

Flying  qualities  indicators  may  be  present  which  can  help  predict  the  stall  or  out-of-control  charac- 
teristics. Static  longitudinal  and  lateral-directional  stability  teatlng  may  provide  clues  to  the  type  of 
stall  or  departure  to  expect.  Stall  tearing  should  begin  in  the  least  critical  loading  and  center  of  gravity 
position  as  predicted  from  flying  qualities  data  and  wind  tunnel  studies.  Departure  and  post-stall  gyration 
investigations  logically  follow  the  sf.ll  testing.  A spin  may  be  encountered  during  this  phase  of  the  in- 
vestigation, so  the  pilot  must  be  prepared  to  recover  from  a spin  even  at  this  point.  Again,  the  testing 
should  begin  with  the  least  critical  loading  and  center  of  gravity  position.  A logical  buildup  sequence  of 
entry  conditions  (i.e.,  power  setting,  amount  of  control  application,  rate  of  control  application,  etc.) 
should  be  used  and  repeated  for  the  more  critical  loadings  and  center  of  gravity  positions.  Having  success- 
fully completed  the  buildup,  critical  conditions  (i.e.,  maneuvers  in  critical  loadings,  fully  developed 
spina,  etc.)  can  be  evaluated  with  a reasonable  degree  of  confidence  and  safety.  A further,  more  thorough, 
discussion  of  buildup  techniques  may  be  found  in  reference  12. 

Unusual  or  erratic  engine  operation  may  occur.  This  is  to  be  expected  because  of  the  extreme  high 
angles  of  attack,  high  yaw  rates,  and  sideslip  angles  associated  with  these  flights.  The  pilot  must, 
therefore,  be  very  familiar  with  such  procedures  as  clearing  compressor  stalls,  alrstarts,  and  flameout 
landing  pattern.  In  some  cases,  it  may  be  necessary  to  fit  the  aircraft  with  some  auxiliary  power  devices. 
For  example,  a ram  air  tuiblne  provided  for  emergency  electrical  power  may  not  operate  if  deployed  in  a 
spin.  In  this  case,  it  may  be  necessary  to  install  a battery  to  provide  for  ignition,  critical  electrical 
demands,  or  possibly  even  run  auxiliary  hydraulic  pumps  to  provide  adequate  flight  control.  If  the  aircraft 

is  prone  to  engine  flameouts  in  a spin,  it  may  be  valuable  to  fit  it  with  a continuous  ignition  circuit. 

DATA  REQUIREMENTS 

There  is  a myriad  of  pertinent  data  collected  during  a high-angle-of-attack  program.  These  data  are 
presented  in  the  final  report  in  the  form  of  such  time  histories  as  various  important  rates,  positions, 
control  deflections  and  forces,  and  altitude.  Qualitative  data  provided  by  the  pilot,  however,  are  aisong 
the  most  important  data  presented.  The  description  of  such  things  as  how  it  feels  in  the  cockpit  and  the 
ability  of  the  pilot  to  remain  orientated  in  the  out-of-control  maneuver  are  among  the  most  important 
portions  of  the  evaluation  from  the  pilot's  point  of  view.  For  example,  use  of  angle  of  attack  for  dive 

pull-out  following  spin  recovery  may  be  extremely  critical.  It  is  important  for  the  project  pilot  to 

define  the  pull-out  limitation  in  terms  of  aeat-of-the-pants  cues.  Again,  it  is  in  obtaining  these  types 
of  data  that  the  cockpit  tape  recorder  becomes  invaluable.  Occasionally,  all  engine  parameters  may  not  be 
instrumented  and  it  will  be  important  for  the  pilot  to  observe  engine  operating  char  sc ter is tics  during  the 
high-angle-of-attack  maneuver.  It  is  up  to  the  project  pilot  to  ensure  that  his  important  cockpit  obser- 
vations are  not  lost  in  a maze  of  quantitative  data.  A pilot-oriented,  qualitative  assessment  of  the  post- 
stall, spin,  and  spin-recovery  characteristics  must  be  foremost  in  his  mind  during  the  course  of  the  test 
program, 

RECENT  U.  S.  NAVY  HIGH-ANGLE-OF-ATTACK  FLIGHT  TEST  EXPERIENCE 
TA-4  AIRCRAFT 


A U.  S.  Navy  spin  evaluation  of  the  TA-4  airr"»ft  was  performed  not  only  to  define  the  TA-4  spin 
characteristics  and  recovery  procedures,  but  also  to  evaluate  the  suitability  of  the  TA-4  as  a spin  trainer. 
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The  TA-4  eircreft  exhibited  no  tendency  to  epin  inadvertently.  The  eircreft  had  to  be  forced  to  epin  by 
applying  and  holding  pro-spin  controls.  With  wing  tanlts  containing  2,000  lb  or  more  fuel,  the  aircraft 
could  consistently  be  forced  into  a classic  erect  spin.  While  the  erect  notions  were  not  disorienting, 
the  aircraft  easily  transitioned  fron  erect  to  inverted  gyrations  which  were  found  to  be  highly  disorienting 
and  uncomfortable  to  the  pilot,  and  could  overstress  the  aircraft.  The  tests  Indicated  that  inverted 
spins  could  be  avoided  in  certain  configurations  through  precise  manipulation  of  the  controls  by  the 
pilot.  The  Naval  Air  Test  Center  recommended  in  its  report  that  the  TA-4  aircraft  be  cleared  for  intentional 
spins  by  pilots  who  have  been  trained  to  avoid  inverted  spins.  But  the  existence  of  the  Inverted  mode  led 
to  a concern  that  long  term  training  objectives  could  be  jeopardized  by  premature  embarkation  on  a spin 
training  program  with  a less  then  satisfactory  aircraft.  Therefore,  further  development  of  the  TA-4  will 
be  undertaken  in  an  attempt  to  define  a configuration  which  will  be  satisfactory  for  spin  training.  To 
date  only  minor  configuration  modifications  have  been  considered.  If  promising  results  are  indicated  from 
the  spin  tunnel  tests  of  these  candidate  configurations,  flight  testing  will  be  performed,  followed  by  final 
resolution  of  a further  course  of  action. 

A- 4 AIRCRAFT 

The  A-4M  aircraft  has  been  evaluated  throughout  the  high-angle-of-attack  flight  regime,  including 
intentional  spins.  Testing  was  conducted  with  the  aerodynamic  slats  Loth  free  and  locked  in  the  closed 
position  to  evaluate  the  hlgh-angle-of-attack  characteristics  of  both  w.'ng  configurations.  The  tests  were 
performed  using  the  TA-4  results  as  a planning  guide.  Extensive  investigation  of  a particular  charac- 
teristic was  planned  only  if  deviation  from  that  TA-4  characteristic  wbr  observed.  Few  significant 
deviations  of  the  free-slatted  A-4M  from  TA-4  behavior  were  encountered  w>  ereby  it  was  concluded  that  the 
TA-4  could  be  used  to  demonstrate  the  spin  characteristics  of  the  single  place  A-4,  should  spin  training 
in  TA-4 1 s become  feasible.  Howave. , one  deviation  from  the  TA-4  characteristics  was  that  the  A-4M  did  not 
exhibit  the  tendency  to  transition  from  an  erect  to  an  inverted  spin,  in  fact,  autorotatlve  inverted 
spins  were  not  attained  duilng  the  A-4M  evaluation.  In  the  locked-slat  configuration  the  A-4M  exhibited 
Increased  erect  spin  susctptibil' ty.  Full  aft  longitudinal  control  with  neutral  aileron  and  rudder  was 
sufficient  to  achieve  erect  spins.  Optimum  spin  recovery  technique  was  unchanged  from  the  free-slatted 
A-4M  aircraft. 

A-4/TA-4  NOSE-HICH  LOW-AIRSPEED  DEPAP'HJRE  AND  RECOVERY  EVALUATION 

The  number  of  aircraft  losses  and  near-lc  -ses  resulting  from  departure  from  nose-high  low-airspeed 
conditions  during  air  combat  maneuvering  led  to  -he  conclusion  that  insufficient  knowledge  of  A-4/TA-4 
characteristics  in  that  flight  regime  wan  available.  Therefore,  a flight  test  program  was  established  for 
investigation  of  A-4/TA-4  nose-high  low-airspeed  departure  and  recovery  characteristics. 

Significant  conclusions  drawn  from  the  TA-4  phase  of  the  tests  were  as  follows: 

1.  Departures  from  nose-high  low-airspeed  conditions  were  generally  mild  when  entered  from  aircraft 
nose-up  attitudes  less  than  90  degrees  and  greater  than  100  degrees. 

2.  Departures  resulting  from  vertical  (90  to  100  degree)  attitudes  at  zero  airspeed  were  very  violent 
and  disorienting.  Of  33  vertical  aircraft  nose-up/zero  airspeed  maneuvers,  two  unintentional  inverted 
spins  resulted. 

Of  interest  in  the  A-4M  phase  of  the  evaluation  was  that  the  magnitude  and  rate  of  yaw  excursions 
during  A-4M  departures  from  nose-high  low-airspeed  condition  was  significantly  less  than  the  same  maneuver 
in  the  TA-4  under  all  conditions  tested.  The  A-4M  was  more  spin  resistant  than  the  TA-4  from  nose-high 
low-airspeed  departures.  No  spins  occurred  during  A-4M  tests  even  with  small  intentional  control  Inputs 
by  the  pilot. 

A- 7 AIRCRAFT 

Aa  described  earlier  In  this  paper,  the  A-7  aircraft,  while  highly  resistant  to  spins,  is  subject  to 
violent  and  disorienting  aircraft  motions  following  accelerated  stalls,  combined  with  excessive  altitude 
loss.  The  pilot,  is  faced  with  a difficult  task  in  avoiding  departure  during  vigorous  caneuvering.  In 
an  effort  to  improve  maneuvering  capability  and  improve  or  eliminate  the  adverse  stall/departure  charac- 
teristics, the  contractor,  Vought  Systems  Division  of  LTV  Aerospace  Corporation,  designed  and  flight 
tested  a maneuvering  flap  system.  Automatic  leading-  and  tralling-edge  flap  extension  and  retraction  as  a 
function  of  airspeed/Mach  number  and  angle  of  attack,  and  a modified  high-angle-of-attack  aileron/rudder 
Interconnect  were  incorporated  in  a test  aircraft  to  enhance  the  high-angle-of-attack  flight  characteristics 
and  Improve  maneuvering  performance.  The  Naval  Air  Test  Center  performed  limited  flight  tests  to  obtain 
qualitative  and  quantitative  data  and  to  provide  an  assessment  of  the  characteristics  of  the  system. 

The  conclusion  of  this  evaluation  was  that  the  A-7  automatic  maneuvering  flap  system  display  ;d  an 
outstanding  potential  to  significantly  improve  the  gear-up  high-angle-of-attack  characteristics  of  the 
A-7  aircraft  during  both  maneuvering  and  non-maneuvering  tasks,  and  the  recommendatit...  fnr  its  further 
development  and  incorporation  into  fleet  aircraft  has  been  made.  Whether  fiscal  constraints  will  allow 
this  objective  to  be  pursued  remains  to  be  seen. 

T-34C  AIRCRAFT 

The  T-34C  aircraft  is  a two-place  (tandem),  single  engine,  primary  trainer,  derived  from  the  T-34B. 

It  is  powered  by  a United  Aircraft  PT6A-25  turbo-prop  engine.  The  aircraft  was  evaluated  during  intentional 
spins  to  assess  the  suitability  of  spin  and  spin-recovery  characteristics  for  the  primary  trainer  mission. 
Sp.i-  flight  testing  of  the  T-34C  by  Navy  pilots  revealed  the  following  unsatisfactory  characteristics: 
the  fully  developed  erect  spin  was  characterized  by  extremely  high  spin  ratea.  The  slowest  steady-state 
spins,  with  rates  of  140  degrees  per  second,  resulted  when  pro-spin  controls  were  maintained.  The  high 
spin  tates  caused  excessive  pilot  disorientation  and  discomfort.  Furthermore,  complicated  sequencing  of 
cor'.rol  inputs  was  required  to  recover  the  T-34C  aircraft  from  fully  developed  erect  spins.  The  Naval 
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Air  Test  Center  concluded  that  the  high  spin  rate  and  complicated  spin-recovery  characteristics  of  the 
T-34C  aircraft  would  preclude  its  use  for  intentional  spinning.  Beech  Aircraft  Corporation  then  started  a 
development  program  in  conjunction  with  .ngineers  at  the  National  Aeronautics  and  Space  Administration 
Spin  Tunnel  facility  at  the  Langley  Research  Center  in  an  attempt  to  develop  an  aerodynamic  modification 
that  would  reduce  the  spin  rate  and  improve  the  spin-recover\  characteristics.  After  many  hours  of  spin 
tunnel  and  flight  tests,  a suitable  configuration  was  established  by  adding  strakes  and  ventral  fins  to 
the  empennage.  A final  Naval  Air  Test  Center  evaluation  of  the  modified  aircraft  revealed  that  the  modi- 
fied T-34C  exhibited  a reasonably  mild  steady  erect  spin  which  was  easily  and  consistently  recoverable  in 
one  turn  or  less.  The  overall  spin  characteristics  of  the  T-34C  aircraft  are  now  repeatable  and  predictable 
and  it  should  prove  to  be  an  excellent  spin  training  vehicle  in  the  U.  S.  Navy's  basic  f.'lght  training 
program. 
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